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NERVE-CONDUCnON  IN  CASSIOPEA  XAMACHANA. 


By  ALFRED  GOLDSBOROUGH  MAYER. 


3    I 


1.  AborBl  view  of  Cnsiiitpfa  xamachana   from  tlie  moal  of  Fori  Jetters 

2.  Oral  view  of  subumbrella  of  Casgiopea  xamackaua  with  stomach  a 
e  made  bv  cutrlni;  off  the  niartjina]   sen 
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NERVE-CONDUCTION  IN  CASSIOPEA  XAMACHANA. 


Bt  ALniKD  G0LD6BOBOUOH  Mater. 


It  is  the  author's  privilege  to  acknowledge  his  indebtedness  to  kind 
friends  for  advice  and  aid:  To  Professor  George  A.  Hulett,  of  Prince- 
ton University,  for  having  had  prepared  in  his  laboratory  the  con- 
ductivity water  used  in  this  research;  to  Professor  J.  F.  McClendon,  of 
the  University  of  Minnesota,  for  valued  advice  and  aid,  and  to  Pnrfessor 
L.  R.  Cary,  of  Princeton,  for  pennission  to  make  use  of  his  recent  deter- 
minations of  the  rate  of  nerve-conduction  at  different  temperatures. 
By  means  of  the  generous  interest  of  Professor  £.  G.  Conklin  and  the 
authorities  at  Princeton  I  have  enjoyed  the  excellent  facilities  afforded 
by  the  Biological  Laboratory  in  Guyot  Hall,  wherein  the  kymograph 
records  taken  at  Tortugas  were  studied  and  the  results  tabulated. 

METHODS  AND  CORRECTIONS. 

The  object  of  this  research  was  to  obtain  an  accurate  quantitative 
detennination  of  the  rate  of  nerve-conduction  in  natural  and  in  diluted 
searwater  at  constant  tempa^ature,  and  also  to  estimate  the  effects  of 
various  artificial  sea-water  solutions  containing  all  or  some  of  th6 
sodium,  magnesium,  calcium,  and  potassium  cations  of  sea-water. 
The  effects  of  temperature  upon  nerve-conduction  are  also  of  great 
importance. 

These  studies  weace  carried  out  in  June  and  Jidy  1016,  upon  Cassiopea 
xamachanaj  a  rtiizostomous  scyphomedusa  which  is  abundant  in  the 
salt-water  moat  surrounding  Fort  Jefferson  at  Tortugas,  Florida,  and 
is  also  common  upon  the  bottoms  of  many  of  the  shallow,  semi- 
stagnant  lagoons  of  the  West  Indian  region.  It  is  thus  accustomed  to 
a  considerable  range  both  in  salinity  and  temperature,  and  being 
infested  with  commensal  plant  cells,  it  is  in  some  measure  independent 
of  the  oxygen-supply  of  the  surrounding  water,  and  even  pulsates  at  a 
nearly  normal  rate  in  sea-water  which  has  been  deprived  of  air  by 
boiling.  The  medusa  thrives  in  confinement  in  glass  aquaria  and  can 
be  maintained  alive  in  the  laboratory  for  months  while  experiments 
are  being  perf onned  upon  it.  Thus  it  is  one  of  the  most  favorable  of 
marine  invertebrates  upon  which  to  c<mduct  physiological  studies. 

An  aboral  view  of  CoMiopea  xamachana  is  shown  in  figure  1,  plate  1 ; 
figure  2  is  an  oral  view  of  the  submnbrella  with  the  stomach  and 
mouth-arms  removed,  and  in  figure  3  we  see  an  annulus  made  by  two 
circular  cuts,  one  removing  the  marginal  sense-organs  and  the  other 
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cutting  out  the  central  stomach,  and  m  addition  a  circular  scratch 
cutting  through  the  nervous  and  muscular  layer  of  the  subumbrella, 
thus  separating  the  broad  annidus  of  tissue  into  two  rings.  This 
subumbrella  tissue  becomes  paralyzed  through  the  removal  of  the 
marginal  sense-organs,  but  the  outer  of  the  two  annul!  may  then  be 
stimulated  by  an  induction  shock  until  a  contraction- wave  going  in  one 
direction  is  entrapped  in  it,  as  illustrated  in  figure  4,  and  as  has  been 
described  by  Mayer,  1906,  1908.*  Such  a 
neurogenic  contraction  wave  must  travel  con- 
tinuously through  the  circuit  of  tissue  which 
has  entrapped  it,  and  may  maintain  itself  for 
days  with  but  little  change  of  rate,  provided 
the  temperature,  COs,  salinity,  and  hydrogen- 
ion  concentration  of  the  sea-water  remain  con- 
stant. Thus  we  have  a  means  of  entrapping 
a  single  neurogenic  stimidus  which  remains 
practically  imifoim  in  intensity  and  rate  for  Fig.  4.— Diasram  showing  a 
any  desired  length  of  time.  ^  neurogemc  puisa- 

Strong  stunuh  travel  faster  than  weak  ones,  direcUon  through  an  an- 
and  thus  if  a  wave  stops  it  can  not  be  started  nuius  of  mibambreUa 
again  at  the  same  rate,  for  no  two  stimuli  are  tiaeue. 
received  alike  by  the  tissue.  Such  circuit  waves  may  be  stopped  by 
counter-waves  proceeding  in  the  opposite  direction  against  them,  or 
blocked  in  the  nerve  net  without  apparent  cause  (fig.  5);  or,  if  the 
tissue  be  exhausted,  as  in  the  absence  of  calcium,  or  by  heat,  cold,  or 
CO2,  the  wave  may  become  irregular  (fig.  13,  lowest  line)  indicating  tiiat 


Fig.  5. — ^Twoexampke  of  sudden  stopping  of  entrapped  waves.    Usually 
the  wave  beoomes  somewhat  irregular  before  ceasing. 


it  is  about  to  cease.  In  exhausted  or  weakened  tissue,  pulsus  alter- 
nans  may  be  displayed  by  the  wave,  the  muscles  becoming  capable  of 
responding  fully  only  to  every  alternate  (or  even  every  second  or  third) 
return  of  the  nerve  stimulus  (fig.  6,  lowest  line) ;  but  in  normal,  healthy 
tissues  the  wave  is  a  full,  regular  sinusoid,  the  intervals  being  almost 
machine-like  in  their  rhythmic  sequence. 

When  a  passive,  paralyzed  ring  is  activated  by  an  induction  shock, 
as  in  figure  7,  muscular  tonus  is  at  once  developed,  and  irregular  and 

*Camegie  Inst.  Wash.  Pub.  No.  102,  p.  116. 
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ccwnplex  contraction  waves  proceed  over  it;  but  the  larger  waves  travel 
faster  than  the  smaller  ones  and  thus  overtake,  and  combine  with  them, 
in  this  manner  forming  a  single  component  wave  which  appears  upon 
the  kymograph  record  as  a  smooth  and  r^ular  sinusoidal  curve. 

All  cbemicals  used  in  this  research  were  Merck's  ''Reagent''  in 
quality. 

In  taking  these  kymograph  records  a  Jaquet  chronoecope  beating 
seconds,  or  a  make-and-break  pendultuui  was  used  with  each  individual 
fine,  thus  making  the  accuracy  of  the  record  independent  of  any 
dianges  in  rate  of  the  kymograph  drum.  One  ascertained  the  numb^ 
of  seconds  required  for  the  contraction  wave  to  travel  100  times  around 
the  ring  in  pure  sea-water;  and  then  the  numb^  of  times  it  traveled 
around  the  ring  in  the  same  munber  of  seconds  in  diluted  sea-water 
gave  its  percentage  rate  in  the  diluted  sea-water. 

The  average  temperature  of  the  surface  water  of  the  ocean  at 
TcNTtugas  during  the  day  time  in  June  and  July  is  about  29^  C. ,  and  the 
etiperiments  of  Harv^(lOll),  Mayer  (1914),  andCary  (1916),  show  that 
the  rate  of  nerve-conduction  augments  in  practically  a  right-line  ratio 


rfkiMB««%aM*MadhMH^«^arthHH^H^^Ma^i^^taaHitartfcMB*Mi* 
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FiQ.  7. — ^Tbree  paimlyied  lingB  being  aotivated  by  indueUon  abocks.  A  strong  muBcolar 
toDot  ii  at  onoe  devdoped,  irregular  wayes  proceed  from  the  stimulated  region,  and 
finally  a  sinf^  regular  sinusoidal  ware  going  in  one  dkieetion  resists  from  the  intep> 
f emees  of  the  initial  waves.  The  numbers  represent  suooessiTe  attempts  to  stimulate 
each  ring,  the  last  one  being  successful. 
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Iwm  n.fi^  to  about  36^  w  38^  when  it  Buddenly  declines,  the  fidl  in 
rate  indicating  injurious  effects,  possibly  due,  as  Harvey  suggests,  to 
the  destruction  of  an  accelerating  oisyme.  For  several  degrees, 
both  above  and  below  29^,  the  rate  changes  about  4.5  per  cent  for 
each  1^  C,  and  this  correction  was  applied  to  all  records.  The  records 
in  diluted  sea-water  were  usually  taken  at  higgler  temperatures  than 
those  in  the  pure  sea-water  with  which  th^  were  compared.  The 
greatest  average  range  was,  however,  not  more  than  1.70^  C,  but  all 
records  were  reduced  to  the  rate  they  would  have  exhibited  had  they 
been  taken  in  a  solution  at  the  same  temperature  as  that  of  the  pure 
sea-water  with  which  they  were  compared. 

Another  correction  must  be  made  on  account  of  the  osmotic  inter- 
change between  the  tissues  of  the  ring  and  the  diluted  sea-water  in 
which  it  is  placed.  Each  experiment  was  made  after  the  ring  had  been 
for  one  hour  in  600  c.c.  of  fluid  and  a  series  of  titrations  with  n/10 
AgNOti  using  K|Cr04  as  an  indicator,  showed  the  osmotic  interchange 
had  augmented  the  concentration  of  the  diluted  sea-water  as  follows: 

Table  1. 


Avefrnge  peroeotage  of 

Ck»mpoatioii  of  the  tolutkm  of  600  0.0.  oontaininc 

the  pulaatiog  ring. 

sea-water  in  whiflh 
ezperimeots  were  made. 

Natural  M 
05  yob.  M 

la-watcr 

100 
96.6 

*-wat«r  +   6  VOI0.  distilled  water 

90     •      ' 

•       «      +10     «          «          « 

90.66 

80     •      ' 

i       «      ^30      «           «           « 

80.6 

70     •       ' 

1       «      ^30      «          «           « 

70.8 

60     «      ' 

1       «      ^40     «          «           « 

60.8 

60     •      ' 

'       «      +60     «          «           « 

60.8 

The  subumbrella  tissue  of  Ca89iopea  zamachana  is  infested  with 
commensal  plant  cells  and  thus  when  pulsating  in  diffuse  daylight 
it  gives  out  very  little  free  COi*  If  plaoed  in  the  dark,  however,  the 
sea-water  surrounding  the  medusa  soon  becomes  acid,  due  to  the 
unreduced  COi.  All  experiments  were  conducted  during  daylight  hours 
in  the  diffuse  light  of  the  laboratory,  and  a  series  of  tests  showed  that 
th^re  was  no  appreciable  change  in  the  hydrogen-ion  concentration  of 
the  pure  or  of  the  diluted  sea-water  after  the  pulsating  ring  had  been  in 
500  c.c.  of  the  solution  for  1  hour.  The  laboratory  was  provided  with  a 
Leeds  and  Northrup  potentiometer,  which  had  been  standardized  by 
the  U.  S.  Bureau  of  Standards;  also  with  a  Bovie  potentiometer  and 
two  sets  of  standardized  colorometric  tubes  made  by  Hynson,  Westcott, 
and  Dunning,  one  set  being  that  of  Rowntree,  Levy,  and  Marriott,  and 
filled  with  phenolsulphonephthalehi,  and  the  other  set  that  of  McGlen- 
don,  wherein  the  tubes  are  filled  with  graded  solutions  of  thymolsul- 
phonephthalein.    Both  these  sets  of  tubes  were  standardized  by  Pro- 
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feasor  MeOotukm,  who  was  ^igaged  upon  a  study  of  the  sesrwater  as  a 
physiological  fluid.  He  found  that  the  P.  of  the  surface  sesrwater  at 
Tortugas  in  summer,  at  about  29^  C,  ranges  from  8.1  to  8.2,  the  range 
being  due  to  variations  in  its  carbonates.  As  is  well  known  from  the 
studies  of  L.  J.  Henderson  (1913),  these  carbonates  act  as  a  buffer 
substance,  and  by  ionizing  they  tend  to  neutralise  the  effects  of  any 
dight  accession  of  acid  to  the  water.  Thus  McClendon  found  that 
sea-water  of  P.  8.1  diluted  with  an  equal  voltune  of  distilled  water  of 
P.  6.04  gave  a  solution  of  P.  8.09.  Also  60  per  cent  sea-water  plus 
50  per  cent  distilled  water  of  Ph  8  ghres  a  solution  which  is  fully  as 
alkaline  as,  if  not  slightly  more  so  than,  pure  sea-water. 

A  number  of  tests  of  the  change  in  hydrogen-ion  concentration  aiter 
pulsating  rings  had  been  in  600  c.c.  of  various  dilutions  of  sea-water 
diowed  that  in  daylight  th^re  was  no  considerable  change  in  1  hour; 
while  in  four  others  it  declined  similarly  in  pure  sea-water  after  12 
hours,  and  in  3  other  rings  placed  for  12  hours  each  in  600  c.c.  of  60  per 
cent  sea-water  plus  40  per  cent  of  8  Ph  distilled  water  the  Ph  had 
declined  to  7.96.  The  average  change  at  the  end  of  an  hour  was 
ctttainly  not  greater  than  from  8.1  to  8.0  Ph. 

The  thennometer  used  in  this  research  was  compared  with  one  which 
had  been  recently  standardized  by  the  U.  S.  Bureau  of  Standards;  both 
thermometers  read  to  0.1^  C. 

Ordinary  distilled  water  often  retains  an  acid  reaction  even  siiw  air 
freed  from  COs  by  passing  through  tubes  containing  granulated  soda- 
lime  has  been  bubbled  through  it  for  72  hours.  Accordingly,  Professor 
George  A.  Hulett,  of  Princeton  University,  very  kindly  offered  to  have 
pr^Mtfed,  under  his  direction  and  by  his  well-known  method,*  144 
hiem  of  distilled  water,  which  were  sealed  in  144  clean,  steamed  flasks  of 
pyiez  i^ass.t  The  hydrogen-ion  concentration  of  the  contents  of  each 
flask  was  tested  separately  and  found  to  range  from  0.80  to  l.OX  10*S 
the  average  being  0.9X10'^  or  about  6.046  Ph. 

This  wht&t  was  tak^i  to  Tortugas  and  used  in  idl  experim^its  herdn 
mentioned.  It  retained  a  constant  hydrogen-ion  concentration  and 
apparently  no  injurious  elements  were  derived  from  the  pyrex  glass. 
In  the  series  of  experiments  wherein  the  sea-water  was  diluted  with 
distiDed  water  of  about  6  Ph,  each  pyrex  glass  flask  was  opened  by 
breaking  the  narrow  neck  of  the  flask  and  the  water  was  used  as  soon  as 
possible,  the  cqiening  in  the  neck  of  the  flask  being  sealed  in  the 
intervals  by  a  phig  of  soft  paraflSne.  The  distilled  water  of  6  P.  used 
in  diluting  the  sea-water  was  not  aerated  and  was  thus  deficient  in 
oxygm.  This,  however,  makes  but  little  difference,  for  the  commensal 
plant  cells  in  the  tissues  of  Cassiapea  are  so  active  in  diffuse  da:iiie^t 
that  the  medusa  pulsates  at  a  neariy  normal  rate  even  if  placed  in  sea- 
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water  which  had  been  boiled  for  an  hour  to  expel  its  air,  then  restored 
to  its  former  volume  by  air-free  distilled  water  and  cooled  to  normal 
temperature.  Thus  in  dayli|^t  the  medusa  appears  to  be  able,  due  to 
its  plant  cells,  to  supply  neariy  if  not  quite  enough  oxygen  for  its 
normal  metabolism.  The  presence  of  free  COs  in  ilie  surrounding 
sea-water  is,  however,  very  toxic  and  soon  stops  pulsation,  and  in  dai^- 
ness  unreduced  COs  accumulates,  and  thus  the  rate  of  movement  is 
considerably  slower  than  in  daylight. 

In  another  series  of  experiments,  it  was  desired  to  dilute  sea-water 
with  distilled  water  of  the  same  hydrogen-ion  concentration  as  that  of 
the  sea-water  itself.  Accordingly,  50  flasks  of  Professor  Hidett's 
distilled  water  were  broken  and  the  contents  poured  into  a  green-glass 
carboy  which  had  previously  contained  Merck's  distilled  water.  Air 
which  had  been  freed  from  COi  by  drawing  it  through  glass  tubes 
containing  granulated  soda-lime  was  then  bubbled  vigorously  through 
this  distilled  water  for  78  hoiurs,  after  which  the  water  had  a  P. 
of  8.  It  was  protected  from  the  carbon  dioxide  of  the  atmosphere  by 
permitting  only  air  which  had  passed  through  soda-lime  tubes  to  enter 
the  carboy,  and  thus  it  retained  an  unchanged  alkalinity  remaining  8 
Ph  from  July  4  to  11  inclusive,  during  which  time  139  dilution 
experiments  were  conducted  with  it;  after  this  its  alkalinity  began  to 
decline  while  26  additional  experiments  were  made.  The  average  for 
the  entire  series  was  7.93  P„  or  a  hydrogen-ion  concentration  of 
1.17X10-*. 

The  fixity  of  the  alkalinity  at  Ph  8  for  so  many  days  was  probably 
due  to  OH  ions  derived  from  the  alkaline  green  glass  of  the  carboy, 
which  may  have  been  counterbalanced  by  a  slight  leakage  of  COs 
through  the  rubber  stopper  of  the  carboy.  Then,  when  the  volume 
of  the  water  became  reduced,  the  surface  over  which  solution  of  ^ass 
took  place  was  relativdy  reduced  in  comparison  with  the  surface 
capable  of  absorbing  atmospheric  COs,  and  thus  the  water  finally 
tended  toward  acidity.  Previous  to  its  being  used  to  hold  the  distilled 
water  the  carboy  was  cleaned  by  washing  it  with  solutions  of  HCl, 
distilled  water,  KOH,  absolute  alcohol,  and  finally  distilled  water,  tak- 
ing precautions  to  prevent  dust  from  entering. 

The  rings  cut  from  the  subumbrella  of  Cassiopea  were  attached  to 
the  kymograph  lever  by  threads  of  catgut  (fig.  15) ;  while  the  rings 
themselves  were  each  placed  in  500  c.c.  of  solution  contained  in  clean 
glass  jars,  covered  between  times  of  record-taking  to  prevent  evapora- 
tion and  to  exclude  dust. 

Each  ring  was  first  placed  in  500  c.c.  of  sea-water  and  its  rate  and 
temperature  ascertamed.  It  was  then  transferred  to  another  glass  jar 
containing  500  c.c.  of  a  freshly  made  solution  composed  of  475  c.c.  of 
sea-water  and  25  c.c.  of  distilled  water.  At  the  end  of  an  hour  its 
rate  was  again  ascertained  on  the  kymograph  and  it  was  tranetferred 
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to  another  i^aas  vessel  which  contained  90  per  cent  sea-water  plus 
10  per  cent  distilled  water,  and  thus  it  was  tested  in  more  and  more 
dilute  solutions  down  to  50  per  cent  sea-water  plus  50  per  cent  distilled 
water,  after  which  it  was  replaced  in  natural  sea-water.  Rings  which 
have  been  in  50  per  cent  sea-water  recover  more  than  80  per  cent  of 
Uieir  normal  rate  within  an  hour  after  being  replaced  in  pure  sea-water, 
and,  if  rq>laced  from  70  per  cent  sea-water,  recovery  is  practically 
complete  at  the  end  of  an  hour.  Even  50  per  cent  dilution  produces, 
however,  little  or  no  permanent  injury. 

EXPERIMENTS. 

Studies  of  recent  years  have  shown  the  important  influence  of 
hydroxyl  and  hydrogen  ions  upon  the  rate  of  nerve-conduction.  The 
free  hydroxyl  ion  is  a  stimulant  through  a  considerable  range  of  con- 
centration, but  the  free  hydrogen  ion  is  a  depressant,  excepting  that  in 
very  weak  concentration  it  acts  as  a  moderate  stimulant.  Thus,  if 
sea-water  be  diluted  with  acid  distilled  water  of  about  P.  5.5  (H-ion 
concentration  0.316  X 10**)  the  rate  of  nerve-conduction  is  augmented 
in  slight  dilutions,  but  it  declines  more  and  more  rapidly  in  dilutions 
of  80  per  cent  sea-water  plus  20  per  cent  distilled  water  and  over. 
The  muscular  activity,  as  measured  by  the  amplitude  of  the  pulsation 
wave,  usually  declines  steadily  hi  sea-water  diluted  with  acid  distilled 
water  of  Ph  6,  while  when  diluted  with  alkaline  water  of  P^  8  it 
maJntAinR  itself  or  even  augments. 

Table  2  shows  the  effect  upon  the  muscular  activity  as  measured  by 
the  amplitude  of  the  pulsation  wave  in  Cas9ioj)ea  when  taken  from 
natural  sea-water  and  gradually  run  into  diluted  sea-water  composed 
of  50  volumes  sea-water  plus  50  volumes  distilled  water  (50  per  cent 
searwater),  at  30^  C. 

Table  2. 


No.  of 
•Kperi- 
meots. 

Hydrog«ii-ioii  ooncentr»- 

tioii  of  the  distilled  water 

iMed  in  dihiting  the  lea- 

water  to  50  per  ceot. 

Percentage  of  cases  in 
which  mnsoular  activ- 
ity was  augmented  by 
dilution  of  the 
sea-water. 

Percentage  in  which 
muscular  activity  was 
decreased  by  the  dilu- 
tion of  the  sea-water. 

Percentage 

unaffected 

by  the 

dilution. 

33 
38 

Acid  distilled  water  of 
Pb  about  6  at  30*  C. 

Alkaline  dtetiUed  water 
of  Pb  7.93  at  80*0.. . 

23 
57 

59 
25 

18 
IS 

Thus  when  sea-wat^  is  diluted  with  alkaline  distilled  water,  more 
than  half  the  rings  show  augmented  muscular  activity,  whereas  if  the 
distilled  water  be  slightly  add  the  mtiscles  of  more  than  half  are 
dqircssod,  and  this  depression  is  much  more  marked  the  greater  the 
aridity  of  the  distilled  water  used  in  diluting,  so  that  with  distilled  water 
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ol  about  5.5  Ph  the  amplitude  of  muscular  movement  is  hardly 
perceptible  in  60  per  cent  sea-water.  As  the  average  temperature  of 
the  sea-water  was  about  30^  C,  the  neutral  point  was  about  6.86  P. 
and  thus  it  appears  that  evea  very  slightly  add  distilled  water  is 
usually  a  muscular  depressant,  whereas  alkaline  distilled  water  is  a 
correspondin^y  efficient  stimulant;  this  is  the  more  remarkable  'whm 
we  consider  that  the  hydrogen-ion  concentration  of  the  sea-water  is 
very  slightly  augmented  by  dilution  even  with  its  own  volume  of 
distilled  water  of  6  Ph.  Thus  McClendon  found  that  such  a  dilution 
of  sea-water  of  8.1  P.  changed  the  P.  of  the  solution  to  8.09;  in 
other  words,  the  relative  concentration  of  the  hydrogen  ions  was 
increased  only  from  1  to  1.02,  such  is  the  efficiency  of  the  buffer 
carbonates  in  preserving  the  normal  alkalinity  of  the  sea-water. 

It  will  be  recalled  that  Osterhout  (1014)*  finds  that  a  slight  concen- 
tration of  HCl  is  at  first  stimulating  to  plants,  but  later  (after  the 
plasma  membranes  have  been  penetrated  by  the  acid)  it  becomes 
depressant.  It  would  seem  that  in  Cassiopea  a  very  slight  relative 
increase  of  the  H  ion  can  not  penetrate  the  cells,  but  acts  only  on  the 
cell  surfaces  or  membranes  and  in  so  doing  becomes  a  stimulant;  but 
in  stronger  concentration  the  cell  membranes  are  penetrated  and  the  H 
ion  then  exerts  its  well-known  depressant  effect. 

The  muscles  are  much  more  sensitive  to  changes  of  concentration  in 
H*  or  OH'  ions  than  are  the  nerves. 

The  stimulating  effect  of  a  very  slight  increase  of  acidity  or  of  alka- 
linity upon  the  rate  of  nerve-conduction  is  well  shown  if  we  place  the 
pulsating  ring  in  natural  sea-water  and  then  add  about  5  per  cent  of 
acid  distilled  water  of  Ph  about  5.5,  for  the  rate  suddenly  augments 
about  5  per  cent.  Similarly,  if  we  take  the  pulsating  ring  from  nor- 
mal sea-water  and  place  it  in  sea-water  which  has  been  condensed 
by  evaporation  at  noimal  temperatiue  in  the  sun  to  about  90  per 
cent  of  its  original  volume,  the  rate  augments  on  account  of  the  high 
alkalinity  of  the  evaporated  sea-water. 

Professor  McClendon  made  up  a  series  of  acid  and  alkaline  sea- 
waters.  He  added  23  c.c.  of  n/10  NaHCOs  to  each  1,000  c.c.  of  natural 
sea-water  and  after  bubbling  air  through  the  solution  for  12  hours  the 
Ph  was  8.26,  and  a  film  of  calcium  carbonate  was  precipitated  upon 
the  sides  of  the  glass  flask  containing  the  solution.  Similarly,  he  made 
acid  sea-waters  of  Ph  7  by  adding  to  each  liter  24  c.c.  of  n/10  HCl 
and  then  aerating  for  12  hours;  and  a  sea-water  of  P.  5.6  was  obtained 
in  the  same  manner  by  aerating  for  only  half  an  hour. 

The  rates  of  nerve-conduction  are  nearly  normal  in  all  these  solu- 
tions; but  although  the  differences  in  rate  are  slight,  they  are  such  as 
we  expected,  the  alkaline  sea-water  and  the  weakly  acid  sea-water  are 
both  slightly  stimulating,  while  the  more  acid  sea-water  is  depressant, 
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as  flhawn  in  table  3,  the  temperature  of  the  8oluti<m8  being  29^  C. 
and  the  neutral  point  6.88  P.. 


Table  3. 


Chaiaeter  of  the  sea-water. 

Average  rate 

of  nerve- 
oonduction. 

No.  of 
observations. 

Alkaline  eea-water  of  Ph  8.26 

Natural  lea-water  of  Ph  8.16 

Nearly  neutral  sea-water  of  Pr  7 . . . 
subtly  aoid  sea-water  of  Ph  6.6. . . 
Acid  sea-wat^  of  Ph  6.6 

102 
100 

99.9 
102 

99.4 

6 

•   •   •   • 

6 
6 
6 

The  effects  are  not  so  marked  as  those  which  are  observed  when  the 
pulsating  rings  are  taken  from  natural  sea-water  and  placed  in  sear 
water  dihited  with  slightly  acid  distilled  water,  or  in  sea-water  made 
alkaline  by  bdbog  concentrated  by  evaporation  at  ordinary  tempera- 
turea  exposed  to  the  air;  but  they  accord  with  expectation  in  so  far  as 
tbqr  go.  Possibly  the  OH'  anion  is  stimulating  ev^i  after  it  penetrates 
the  odl  membranes,  while  the  hydrogen  cation  is  depressant  under  these 
oonditions. 

The  effects  upon  the  rate  of  nerve-conduction  in  Cassiopea  which 
resulted  from  diluting  Tortugas  sea-water  with  alkaline  distilled 
water  ci  P.  about  8  and  with  slightly  add  distilled  water  of  P. 
about  6  are  given  in  table  4,  which  shows  that  acid  distilled  water 

Tablb  4.    (Illustrated  by  figure  8.) 


CompoflitioB  of  the  solution. 

Rate  of  nerve- 

oonduotion  when 

sea-water  is 

diluted  with 

alkaline  distilled 

water  of  Ph  7.93 

at  29«  C. 

Rate  of  nenre- 

oonduetion  when 

sea-water  is 

diluted  with 

slightly  aoid 

distiUed  water 

of  Ph  6.04  at 

29«C. 

Natural  sea-water  of  Pa  8.1  to  8.2 

96  ce.  sea-wat«r  +   6  o.e.  distilled  water. . 
90**       •+10'          •           • 
80    •     •       •      +20    «          «           « 
70    ••       •+30*          •          • 
60    •     •       •      +40    «           «           « 
60    •     •       •      +60    «           «           « 

100 
96.23 
91.44 
79.61 
73.91 
66.72 
64.16 

100 
96.43 
94.88 
82.68 
71.96 
60.41 
60.83 

stimulating  in  comparison  with  alkaline  distilled  water  in 
dilution  down  to  about  75  per  cent  sea-wat^  plus  25  per  cent 
distiUed  water,  and  then  becomes  relatively  depressant  in  stronger 
dilutions.  Th^re  are  many  examples  of  this  hi  the  author's  past 
experiments  published  in  1914|  1915|  and  1916|  wherein  the  distilled 
water  used  for  dilution  was  usually  add.    An  interesting  parallel 
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appears  to  be  that  of  acidosis  in  blood,  wherein  pathological  effects 
appear  when  the  amount  of  acid  is  so  slight  that  the  P.  is  hardly 
affected,  the  buffer  value  of  the  carbonates  and  phosphates,  however, 
being  reduced. 

It  was  due,  indeed,  to  the  acidity  of  the  distilled  water,  and  to  my 
not  realising  the  marked  effect  of  slight  changes  in  temperature,  that  I 
was  misled  into  entertaining  the  false  idea  that  the  curve  of  decline  in 
rate  in  diluted  sea-water  resembles  that  of  Freundlich's  curve  of 
adsorption,  and  that  therefore  adsorption  may  play  a  fundamental  r61e 
in^nerve-conduction.    These  recent  experiments,  wherein  the  sea-water 


90  60  70  60 

Concentration  o^  diluted  sea  water 


-Eleotrieal  eonduetiyity. 


Rate  when  natural  te>  water  is  diluted  with 
aotd  diatilled  water  of  Ph  004. 

■        Rate  when  natural  eea-water  is  dilated  wHh 
alkaline  distilled  water  of  Pa  7.08. 

FiQ.  8. — Showing  deolme  in  rate  of  noro-eonductioii  in  Cotttopea  in  diluted 
Mftrwater,  and  oomqxxiding  decline  in  the  deetrioal  eonductirity  of 
aea-water.  See  tableo  4  and  5. 

was  diluted  with  distilled  water  of  P.  about  8,  appear  to  show  that 
adsorption  has  nothing  to  do  with  the  matter. 

Indeed,  Ralph  S.  lillie  (1916)*  has  ah^idy  caUed  attention  to  the 
close  resemblance  between  my  curve  for  decline  in  rate  of  nerve-con- 
duction and  the  corresponding  decline  in  the  electrical  conductivity  of 
the'diluted  sea-water,  and  in  this  latest  and  best-established  curve  of 
1916,  using  distilled  water  of  about  P.  8  to  dilute  the  searwater,  the 
accordance  with  Lillie's  expectation  is  almost  perfect,  as  appears  from 
table  6  and  figure  8,  It  should  be  said,  however,  that  the  degree  of 
ionisation  of  the  sodium,  calcium,  and  potassium  of  the  sea-water 
follows  neariy  the  same  law.    Thus  the  rate  of  nerve-conduction,  as 
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we  shall  ahow,  appears  to  be  directly  proportional  to  the  concentration 
of  the  suTToimding  cations  of  sodium,  potassium,  and  calcium,  mag- 
neshim  taking  an  almost  negative  part  in  the  control  of  rate  of  nerve- 
conduction  in  diluted  sea-water* 

Table  5  (illustrated  by  fig.  8)  shows  the  rates  of  nerve-conduction  in 
Cas9iapea  in  Tortugas  sea-water  diluted  with  aerated,  alkaline  distilled 
water  having  a  hydrogen-ion  concentration  of  1.17X10'^  or  7.93  Pa* 

Table  5. 


Compoation  of  the  solutioii. 

Average 

rate  of 

nenre-oon- 

duotion. 

Eleotiioal  oondaotiTity 
of  Tortugas  sea-water 
diluted  with  distOled 
water  of  Pb  7.8  at  80^ 
C.  determined  by  Kohl- 
rausch's  method. 

Natural  Mttp-water  of  Ph  8.1  to  8^ 

100 
96.23 
91.44 
79.51 
73.91 
65.72 
54.16 

100 

92!  io 

81.88 
71.53 
64.26 
54.08 

96  CO.  of  wmrwmin  +   5  o.c.  of  distilled  water 

90    -    -         "         +10    "    ••       ••           -     

80    ••    "          ••          -1-20    "    ••        ••           "     

70    '•    ••         ••          -h30    "    "        *•           '•     

60    ••    ••          ••          +40    "    "        ••           "     

50    • +60    ••    "        ••           "     

120 


no 


100 


•0 


60 
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\ 

^ 

N 

ss:^^ 

21:^4 
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aaT   32    31 


30       29       28       27 
Temperature 


26       25       24       23 


Fm.  9.— €Riowing  that  the  ten^Mrature  ooeffioknt  for  the  rate  of  norre-oon- 
doetioo  in  Costiofwi  k  2.5  times  as  great  aa  that  of  the  deotrical 
oolidiietiTity  of  the  sea-water. 

The  dose  reeemblance  between  the  declme  m  rate  of  nerve-conduc- 
tkm  and  the  corresponding  declme  in  electrical  conductivity  of  the 
surrounding  sea-water  suggests  but  does  not  prove  that  the  two  phe- 
nomena are  directly  dependeit  one  upon  the  other;  but  as  we  shall  show 
later,  this  seems  doubtful. 
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lillie  advocates  an  extensioii  of  the  theory  of  Faraday  and  de  la  Rive 
that  the  tranmniflrion  of  the  excitation  state  from  the  immediate  site 
of  activity  to  the  adjoining  resting  areas  is  dependent  upon  an  elec- 
trical local  action  of  tihe  same  essential  nature  as  that  which  is  respon- 
sible for  the  etching  or  corrosion  of  non4iomogeneous  metallic  surfaces, 
such  as  iron  in  contact  with  an  dectrolyte  solution.  lillie  calls  this 
theory  the  ''local  action  theory  of  conduction/'  and  if,  indeed,  nerve- 
conduction  be  such  a  process,  its  rate  must  be  proportional  to  the 
electrical  conductivity  of  the  conducting  medium  and  the  surrounding 
fluid  (sea-water). 

lillie's  hypothesis  is,  moreover,  indirectly  supported  by  the  recent 
work  of  Adriim  (1916),*  who  shows  that  after  stimulation  the  recovery 
of  conductivity  is  apparently  complete  at  the  same  instant  when  the 
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Fio.  10. — ^A  ring  of  Cauiapea  in  diluted  sea-water,  showing  decline  in  rate  of  nerve- 
conduotion  as  dihition  pfooeeds,  followed  by  recovery  of  rate  but  not  of  amplHnide 
\sgoa  being  replaced  in  natural  sea-water. 


^Journal  of  Phsrsiolosy,  Cambridse,  vol.  50,  p.  345. 
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reeovery  of  excitation  is  also  completed  and  thus  the  two  mechanisms 
may  be  identical  and  conduction  may  be  merely  the  spread  of  a  local 
exciting  process. 

Contrary  to  Lillie's  hjrpothesiSy  we  have  direct  evidence  that  the  rate 
of  nerve-conduction  may  be  independent  of  the  dectrical  conductivity 
of  the  electrolytic  solution  surrounding  the  nerves,  for  I  have  found 
(1015)*  that  if  sea-water  be  diluted  with  0.415  molecular  MgCU  the  rate 
of  nerve-conduction  is  only  slightly  more  depressed  than  if  the  sea-water 
be  diluted  with  distilled  water,  or  with  dextrose;  yet  the  MgCU  main- 
tains a  nearly  normal  dectrical  conductivity,  vriSie  with  distilled  water 
or  dextrose  it  declines  in  nearly  the  same  ratio  as  the  dilution.  Nor  do 
the  experiments  I  have  made  with  solutions  containing  some  but  not 
idl  the  cations  of  sea-water  support  Lillie's  view.  Thus  if  the  rate  of 
nerve-conduction  in  0.647  molecular  NaCl  be  55,  it  becomes  100  in 
86.3  c.c.  of  0.6  molecular  NaCl+ 14.69  c.c.  of  0.39  molecular  MgCli. 
Here  the  dectrical  conductivity  of  the  solution  is  somewhat  reduced. 
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T^etii.rTi«d        to       seai    vv/a.'tcr. 

Fm.  11. — IKiowiiig  ehAngw  in  raie  of  nerre-ooDdaetkm  in  a  ring  of  CottiopM  in  suooessiTe 
dihitaont  of  seft-water,  and  the  recovery  of  rate  on  being  returned  to  natural  MSrwater 
from  50  per  cent. 

*Proo6ediiifli  National  Aead.  Seienoea,  rol.  1,  p.  270. 


16 


Papers  from  the  Department  of  Marine  Biology. 


while  the  rate  of  nerve-conduction  is  much  augmented.  This  is,  of 
course,  a  striking  instance  of  Loeb's  law  of  the  antagonism  betwe^i  a 
univalent  and  a  bivalent  cation,  even  though  the  bivalent  cation  in  this 
case  is  magnesium,  well  known  to  be  a  depressant,  espedaUy  for 
muscular  activity  in  Caseiopea. 

The  temperature  coefficient  of  nerve-conduction  is  2.5  times  as 
great  as  that  of  the  electrical  conductivity  of  the  sea-water,  as  appears 
in  table  6. 

The  rate  of  nerve-conduction  in  Cassiapea  in  heated  sea-water  was 
first  determined  by  Harvey  (1911)  who  foimd  it  to  accelerate  in  a  ri|^t- 
line  ratio  up  to  35^to  38^C.,  at  which  point  there  was  an  abrupt  decline 
in  rate.  These  results  were  later  confirmed  by  Mayer  (1914),  and  Gary 
(1916) .    The  average  of  the  best  experiments  is  shown  in  table  6. 

Tablb  6.    (lUustated  by  figure  9.) 


Rate  of  nflnre-oon- 

Eleetrieal  eondue- 

Temp«rature 

duotion  in  Ca$no- 

tivity  of  Tortucae 

of  tlM 

PM.  (Mean  of  de- 

•  ee^-water. 

■ea-watar. 

detennined  l^ 

•c. 

Harvey.  Mayer, 

Kohliansdi'a 

andCaiy.) 

method. 

23 

71.3 

88.9 

24 

76.3 

90.7 

26 

81.17 

92.6 

26 

85.8 

94.4 

27 

90.74 

96.2 

28 

95.47 

98 

20 

100 

100 

80 

104.47 

101.6 

31 

109.2 

103.6 

32 

113.4 

105.3 

33 

117.8 

107.1 

The  high  temperature  coefficient  of  the  rate  of  nerve-conduction 
suggests  that  we  may  be  dealing  with  a  chemical  reaction  involving  a 
compound  composed  of  sodium,  calcium,  and  some  proteid  etement; 
the  degree  of  ionization  of  which  is  considerably  affected  by  tempera- 
ture in  the  manner  suggested  by  W.  B.  Hardy  (1900),  Quincke  (1902), 
and  Bayliss  (1915).* 

Possibly,  also,  the  negative  electrical  potential  associated  with  the 
wave  of  nerve-conduction  may  increase  the  surface  tension  of  the  alka- 
line colloidal  particles,  thus  reducing  their  size,  rendering  them  more 
soluble,  and  thereby  increasing  the  concentration  of  the  reacting  ions. 

In  this  connection,  A.  Mayer,  A.  Schaeffer,  and  E.  Terroine  (1907)t 
state  that  in  a  large  mmiber  of  alkaline  organic  colloids,  the  addition 
of  a  further  negative  charge,  in  the  form  of  OH'  ions,  caused  a  decrease 
in  the  size  of  the  particles.    Moreover,  Hulett  (1901)  t  has  shown  that 

*PriDoiplee  of  General  Physiology,  p.  77. 

tCk)mpt.  Rendus  Acad.  Soi.,  Paris,  tome  145,  p.  919. 

iZeitschrift  physik.  Chemie,  Bd.  37,  p.  406. 
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the  flohilnlity  of  particles  of  barium  sulphate  is  about  inversely  propor- 
tional to  the  size  of  the  particles;  and  as  colloidal  particles  are  more  or 
less  soluble,  one  would  expect  their  solubility  to  increase  as  the  average 
diameter  olf  the  particles  decreased. 
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Fko.  IS.— Sbofring change  inrateof  nflrve-eoodnetkm  in  subumbrella  ring  of  Cauiopea  in 
NaCI+OM:^  In  the  kmeet  line  the  morenMnt  of  the  ring  has  become  very  inregukr, 

indteatingthat  it  ie  about  to  atop. 
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SUMMARY. 

Nerve-conduction  is  due  to  a  chemical  reaction  involving  the  cations 
of  sodium,  calcium,  and  potassium.    Magnesium  is  non-essential. 

The  probably  hi^  temperature  coefficient  of  ionization  of  this  ion  pro- 
teid  may  accoimt  in  some  measure  for  the  high  temperature  coefficient 
of  the  rate  of  nerve-conduction,  which  I  find  is  2.5  times  as  great  as  that 
of  the  electrical  conductivity  of  the  sea^water  surroimding  the  nerve. 

Our  observations  do  not  support  the  ''local  action"  theory  of  R.  S. 
lillie  (1016) ;  for  this  maintains  that  the  rate  of  nerve-conduction  must 
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Percent  of  diluted  sea  water 
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50 


Fig.  14. — Illustrating  table  7.  Results  of  each  indiyidual  experiment 
upon  rate  a(  nerve-conduction  in  Casnopea  in  sea-water  diluted  with 
alkaline  distilled  water  of  hydrogen-ion  concentration  1.17  X10~*. 
The  heavy  dotted  line  shows  the  observed  average  curve. 
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be  a  function  of  the  electrical  conductivity  of  the  conducting  tissue  and 
of  the  electrolytic  solution  surrounding  the  nerve.  It  is  founds  however, 
that  the  rate  of  nerve^onduction  is  practically  identical,  whether  we 
dilute  sea-water  with  0.415  molecular  MgCU  or  with  distilled  water — 
in  other  words,  whether  we  maintain  a  practically  constant  electrical 
conductivity  or  reduce  it  in  nearly  the  same  ratio  as  the  dilution. 

Table  7,  illustrated  by  figure  14,  shows  rates  of  nerve-conduction  in 
the  subumbrella  tissue  of  CasHapea  xamachana  in  Tortugas  sea-water 
of  Ph  8.1  to  8.2  diluted  with  aerated  distilled  water  of  Ph  about 
8.0  at  29^  C.  The  rate  in  pure  sea-water  at  the  same  temperature 
as  the  diluted  sea-water  is  assumed  to  be  100.  The  experiments  were 
ccmducted  at  Tortugas,  Florida,  on  July  4  to  11  and  July  19  to  25, 1916. 

Table  7. 
[3.W.  « sea-water,    d.w. « distilled  water.] 


Natural 
aea-water. 

96  e.c.  of 

90  cc.  of 

80  O.C.  of 

70  cc  of 

60  cc.  of 

60  cc  of 

S.W.  +6 

8.W.+10 

s.w.  -1-20 

8.W.  -1-30 

8.W.  -1-40 

8.W.  -1-60 

cc.ofd.w. 

ccofd.w. 

ccofd.w. 

o.cofd.w. 

ccofd.w. 

ccofd.w. 

AynrmgiB    oonoentration 

ol  aea-water  at  time 

reeord  was  taken 

100 

96.6 

90.66 

80.6 

70.8 

60.8 

50.8 

Nnmher  of  obeenratiom . 

38 

28 

28 

28 

28 

29 

24 

Obaerred  aTerace nte. . . 

100 

100.1 

97.87 

86.38 

80.06 

70.11 

58.37 

Piobable  error  of  ob- 

aerved  aTerage  rate. . . 

0 

0.67 

1.00 

1.18 

1.16 

1.01 

0.79 

Temperature  differenee 

(*C.)  between  aoltitkm 

and  pure  eea-water  in 

which  rate  waa  100... 

(f 

0.86» 

1.46* 

1.53* 

1.79* 

1.51« 

1.64» 

Rata  oorreeted  for  tem- 

perature by  reduoinc 

obaerred  rate  4^  per 

cent  for  eadi  1*  C.  riae 

in  temperature 

100 

96.23 

91.44 

79.51 

73.91 

66.72 

54.16 

Observed  rates. 

96  e.c.  of  a.w.  + 

90  e.c.  o 

f  8.W.  + 

80  CO.  of  s,w.  + 

70  cc 

.  of  S.W.  -1- 

60  CO.  of  8.W.  -1- 

50  c< 

B.  of  8,W.  + 

6  e.e.  of  d.w. 

10  0.0.  i 

it  d.w. 

20  CO.  of  d.w. 

30o.( 

B.  of  d.w. 

40  cc.  of  d.w. 

50  c 

c  of  d.w. 

91.6      W 

86 

96 

76          87 

60 

80 

65        70 

47 

62 

91.6      99 

86.6 

96 

76.6      88 

esA 

S    80.6 

58.5    71 

49 

62.6 

94.6      99.6 

90.6 

96.6 

80          88.6 

70.i 

S    81 

60        71.5 

49. 

5    63 

94.6     100 

91 

97.6 

81.6      89 

71 

82 

60.2    71.7 

53 

63.2 

96.6    101.6 

91 

98 

82.6      89.7 

71 

86 

61        74 

54 

63.6 

96        108 

91.6 

102.6 

82.6      94 

71. i 

S    86.6 

61        74.5 

54. 

6    64 

97         104.6 

92 

106 

82.6      96 

72 

86.5 

62        76 

55 

64.5 

97         106 

92 

106 

83          97.6 

72 

88 

65        78 

55. 

6    65.5 

97         107 

93 

106.6 

83          99 

73 

89.5 

66        80 

55. 

5    66 

97         107 

93.6 

107 

84         100.4 

76 

92 

66        80 

56 

66.7 

97.6     106 

93.6 

109 

84         101.6 

77 

92 

67        81 

56 

•   •  •   • 

98         106 

94 

110.7 

84.5     102 

77 

92.6 

67.5    82 

58 

•  •  •   • 

98         109 

94.6 

111 

86         104 

77.1 

S    95 

68        82.5 

60 

•   •   •   • 

98         110 

96 

116 

86         106 

79 

95 

68.5     84.5 

61 

•   •  •   • 

ATerac*  100. 1 

Areragc 

» 97.87 

Arerace  86.38 

Ayerage  80.05 

Average  70.11 

Average  68.37 
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Table  8  shows  the  rates  of  nerve-conduction  in  subumbrella  tissue  of 
Cassiapea  xamachana  in  Tortugas  sea-water  of  P.  8.1  to  8.2  diluted 
with  non-aerated  distilled  water  of  P^  about  6  (H-ion  concentration 
0«i)X  10~*)  at  29''  C.  The  rate  in  undiluted  sea-water  is  taken  to  be 
100.  llie  experiments  i¥«*e  conducted  at  Tortugas,  Florida,  in  June 
and  July  1016. 

Table  8. 
(8.W.  ■■MA-water.    d.w.  ■■distUled  water.] 


Natural 
sea-water. 

95  c.c.  of 

90  C.C.  of 

80  cc.  of 

70  c.c.  of 

60  c.c.  of 

50  cc  of 

S.W.  +5 

8.W.+10 

S.W.+30 

S.W.+30 

S.W.  +40 

S.W.+50 

• 

ccofd.w. 

ccofd.w. 

ccofd.w. 

ccofd.w. 

ccofd.w. 

c.cofd.w. 

Average    oonoentnrtaon 

of  eea-water  at  tame 

record  was  taken 

100 

95.6 

90.56 

80.6 

70.8 

60.8 

50.8 

Number  of  obeervations . 

51 

20 

27 

25 

28 

26 

22 

Observed averace rate.. . 

100 

99.1 

97.91 

87.96 

77.28 

64.33 

53.79 

Probable  error  of  ob- 

■erved  average  rate. . . 

0 

0.74 

0.88 

1.16 

1.13 

0.59 

0.90 

Teitaperature  differeooe 

CC.)  between  eolution 

and  pure  eea-water  in 

whioh  rate  was  100. . . 

0« 

0.6* 

0.8* 

1.83« 

1.54» 

1.37» 

1.28* 

Rate  corrected  for  tem- 

perature by  reducing 

, 

obeerved  rate  4.5  per 

. 

centfor  each  1^  C.  riee 

in  temperature 

100 

96.43 

94.38 

82.68 

71.95 

60.41 

60.83 

Observed  rates. 

' 

95  O.C.  of  8.W.  + 

90  CO.  o 

f  8.W.  + 

80  C.C.  of  S.W.  + 

70  cc 

t.  of  S.W.  + 

60  cc.  of  S.W.  + 

50  cc  of  e.w.  + 

5  CO.  of  d.w. 

10  c.c. 

of  d.w. 

20  CO.  of  d.w. 

30  0. 

0.  of  d.w. 

40  cc  of  d.w. 

50  cc  of  d.w. 

M          98 

85 

98 

76.5      88 

62. 

6    74.5 

54        66.5 

41 

« 

96          98 

86 

98.5 

77          88 

67 

75 

55.4    66.5 

48.5    56 

95.5      98 

88 

99 

77.5      88 

69.. 

5    76.5 

59.5    66.5 

46.5    55.6 

96          98 

91 

99.5 

79.5       89 

70 

76.5 

60        67 

47 

56.6 

96.6      99 

92 

100 

82           90.2 

71 

77.5 

60        68 

50 

57.6 

97         103 

92 

100.5 

82          90.5 

71 

79 

60.5    68 

50 

58.6 

97         103 
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THE  HYDROGEN-ION  CONCENTRATION,  CO,  TENSION,  AND 

CO,  CONTENT  OF  SEA- WATER.* 

Bt  J.  F.  McClbndon,  C.  C.  Gaui/t,  and  S.  Mulholland. 


DEHNITIQNS  AND  ABBREVIATIONS. 

Since  the  volume  of  water  changes  with  the  temperature^  the  most 
accurate  method  of  expressing  the  results  of  water  analysis  is  to  take 
the  kilogram  of  water  as  the  unit.  The  older  method  was  to  express 
results  in  grams  per  kilogram.  In  volumetric  analysis  it  is  more 
convenient  to  express  results  in  grams  per  liter,  and  this  method  is 
equally  accurate  provided  the  water  is  brought  to  a  standard  tempera- 
ature,  preferably  20^,  for  analysis,  or  the  temperature  is  recorded  in 
each  case.  Since  the  ratios  of  the  weights  of  chemical  elements  or 
radicals  that  will  enter  into  chemical  composition  with  one  another 
have  been  established  with  an  accuracy  more  than  adequate  for  oceano- 
graphic  woik,  it  is  still  more  convenient  to  express  results  in  gram- 
equivalents  per  liter. 

A  normal  solution  (abbreviated  to  n)  is  a  solution  containing  in 
1  liter  the  quantity  of  substance  that  will  combine  with  23  grams  of 
sodium  or  35.46  grams  of  chlorine.  A  mol-liter  solution  (abbreviated 
to  m)  is  the  molecular  weight  in  grams  (mol)  of  the  substance  con- 
tained in  a  liter  of  the  solution,  and  may  or  may  not  be  a  normal 
solution,  and  where  confusion  is  likely  to  arise,  m  and  not  n  should  be 
used.  For  example:  if  enough  HfBOs  is  added  to  a  normal  solution  of 
NaOH  to  make  a  2  m  solution  of  the  former,  the  result  is  a  0.5  m  solution 
of  NatB407.  In  the  ordinary  use  of  m  we  mean  more  correctly  the 
formal  concentration — t.  6.,  the  molecular  weight  is  taken  from  the 
ordinary  chemical  formula,  r^ardless  of  the  fact  that  several  molecular 
species  containing  the  substance  in  question  may  occur  in  the  solution. 

Wh^e  a  particular  molecular  or  ionic  species  is  intended,  it  should 
be  designated.  Thus  a  normal  solution  of  hydrogen  ions  contains 
1.008  grams  (or  for  practical  purposes  about  1  gram)  of  hydrogen  ions 
per  liter,  r^ardless  of  the  amount  of  hydrogen  in  other  chemical 
states.  It  is  not  always  possible  to  reduce  such  a  quantity  to  a 
standard  temperature,  since  some  hydrogen  ions  may  disappear  or  be 
fcnmed  during  the  change  in  temperature.  This  particular  case  is 
ampUlBed  by  the  fact  that  the  normal  concentration  of  H  ions  per  liter 
is  not  changed  very  much  by  the  ordinary  changes  in  temperature,  as 

*This  investignUon  wm  aided  by  a  grant  from  the  research  fund  of  the  graduate  school  of  the 
Univirraitj'  of  Minnesota.     We  are  indebted  to  Dr.  H.  A.  Lul>s  and  Professor  L.  G.  Rowntree  for 
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will  be  explained  later.  It  is  more  convmient  to  abbreviate  the  names 
of  poative  and  negative  ions  tims :  H* — hydrogen  ion,  CI'  -  chlorine  ion. 
Since  conc^itrationB  per  liter  and  per  kilogram  may  be  readi^ 
oonvtfted  one  into  the  other  if  the  density  of  the  solution  is  known, 
charts  for  computii^  the  density  of  sea-water  are  given  in  figures  1 


Flo.  I. — ConvenioD  (abla  (or  findins  the  deninty  of  ara-water  (at  uiy  t«nt- 
perature),  referred  (o  diatilled  water  at  4°  Irom  the  aelinity  or  Ui*  CI  in 
ETBinB  per  kiloEram.    Each  dugonal  ia  for  iiuliceted  temperature  only. 

and  2.  This  gives  the  actiial  density  in  question,  as  it  is  obviou^ 
insufficient  merely  to  know  the  specific  gravity  at  some  standard 
temperature.  The  direct  determination  of  the  specific  gravity  by 
means  of  a  floating  hydrometer  is  often  vitiated  by  lai^  experimental 
errors,  and  many  of  these  instruments  are  made  for  a  standard  temper- 
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atuie  <Hi  the  obsolete  Reaumur  thennometer  scale  (14  R.  — 17.5  C), 
irtiich  is  often  unattainable  aboard  ship  or  at  seaside  laboratories. 
The  beet  practice  is  to  titrate  the  chlorides  of  the  sea-water  with  silw^ 
nitrate  solution,  udng  potassium  chromate  as  indicator,  and,  if  a 
constant  temperature  can  not  be  maintained,  to  calibrate  each  new 
nlver   solution  with    standard  sea-water.    Since   the   t^nperature 


LW 
LNl 


changes  affect  the  volumes  of  the  sUver  solution  and  sea-water  about 
equally,  they  may  be  ignored.  The  concentration  of  eea-water  was 
tonaeAy  expieeeed  as  the  salinity  or  total  salt-content,  but  it  was  found 
ttiat  the  ratio  of  the  chief  salts  in  sea-water  is  remarkably  constant, 
and  the  individual  elements  may  be  detennined  much  more  accurately 
Uian  the  total  salts  in  one  operation.  Salinity  is  no  longer  deter- 
nuned  directly,  but  is  calculated  from  the  chlorine  titration  according 
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to  the  Sdrensen-Enudsen  definition.  If  it  is  desired  to  know  the 
salinity  (S)  more  accurately  than  can  be  determined  with  the  aid  of 
figure  1,  the  following  conversion  table  (Enudsen)  may  be  used: 

(Int«giml  part  and  decimal  point  omitted  in  table.) 
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As  already  mentioned,  the  unit  of  the  hydrogen-ion  concentration  is 
1  n  H%  or  about  1  gram  of  hydrogen  ions  per  liter.   The  quantity  actu- 
ally found  in  sea-water  is  about  1  gram  in  100,000,000  liters,  or 
O.OOQPOQOI  n.    In  order  to  avoid  the  use  of  so  much  space,  this 
number  is  usually  expressed  as  10"^,  which  is  nothing  more  than  a 
minus  logarithm  to  the  base  10 — ^in  other  words,  a  common  logarithm 
with  the  sign  changed.    We  might  write  it  thus:  —log  H*=8,  but 
Sdrensen  still  further  abbreviated  it  thus:  P.  ==  8.    It  is  necessary  only 
to  remember  that  when  the  hydrogen-ion  concentration  decreases  the 
Ph  increases  in  the  following  manner: 

0.1  n  H- =Ph1  0.00000001  n  H*  =P^  10"^*  n  H*  =  Ph14. 

The  H-ion  concentration  of  aqueous  solutions  is  determined  by  the 
dissociation  of  water  as  affected  by  the  temperature  and  the  presence 
of  acids  or  bases.    There  are  about  55  mols  of  HsO  in  a  liter  of  water, 
that  is,  its  concentration  is  55  m  in  respect  to  the  formula.    Of  these 
55  mols,  only  about  10"^  m  is  dissociated  into  H*  and  OH'  if  the  water 
is  pure.    In  other  words,  the  concentration  of  H'XOH'  is  10^^*.     If 
we  add  acid  we  increase  the  H  ions  and  if  we  add  alkali  we  increase  the 
OH  ions,  but  the  concentration  of  H'XOH'  remains  constant  (=  10"^*). 
This  dissociation  constant  of  water  is  abbreviated  K^y  and   hence 
—log  Kw-14.    Rise  in  temperature  increases  the  di^ociation    of 
water;  hence  —log  Kw  decreases,  being  14.07  at  20"^  and  13.73  at  30"", 
or  a  fall  of  0.34;  hence  the  P.  falls  0.17.    We  might  expect  the  P^  of 
sea-water  to  fall  the  same  amount  as  that  of  pure  water  with  rise  in 
temperature,  but  such  is  not  the  case.    Rise  in  temperature  causes 
increased  hydrolysis  of  bicarbonates,  and  hence  increases  the  OH-ion 
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eonoentration,  and  these  OH  ions  combine  with  the  newly  formed  H 
ions  to  form  water  again.  Any  change  in  the  H-ion  concentration  of 
sea-wat^r  due  solely  to  change  in  temperature  (t.  e.,  provided  the 
temperature  change  is  not  allowed  to  cause  a  loss  or  gain  of  CQs)  is 
witbin  the  limits  of  error  of  our  measurements.  All  measurements 
were  made  with  the  hydrogen  electrode,  which  under  proper  conditions 
is  affected  only  by  the  hydrogen  ions.  The  indicators  that  were 
calibrated  are  weak  acids  and  hence  should  be  affected  by  H  ions  and 
not  by  OH  ions.  The  indicators  are  affected  by  Na  ions  to  a  slight 
extent,  as  given  in  the  calibration  table.  Temperature  changes  affect 
these  indicators,  but  the  ordinary  changes  in  temperature  affect  them 
so  sli^tly  that  it  has  not  yet  been  possible  to  estimate  the  temperatiu^ 
correction.  Furthermore,  the  temperature  coef&cient  in  sea-water  and 
standard  borax  solution  is  probably  the  same. 

The  CQs  tension  of  a  solution  is  the  fugacity  or  escaping  tendency  of 
CO^.  It  is  measured  by  estimating  the  partial  pressure  of  COs  in  an 
atmosphere  in  equilibrium  with  the  solution — t.  e.,  the  pressure  of  CQs 
required  to  prevent  the  escape  of  CQs  from  the  solution.  The  air  is 
not  quite  in  equilibrium  with  the  surface-water  of  the  sea,  so  that  it  is 
not  sufficient  to  determine  the  CO3  partial  pressure  in  the  air  unless  it 
is  diaken  with  sea-water.  Since  the  average  COs  in  air  is  3  parts  in 
10,000,  the  CQs  pressure  is  given  in  parts  per  10,000  of  a  standard 
atmoi^here  of  760  mm.  Hg.  The  total  CO3  content  of  sea-wuter  is 
the  total  amount  of  COs  that  may  be  obtained  from  it  by  boiling  or 
evacuating  or  aeration  with  indifferent  gas  after  adding  an  excess  of 
add  to  decompose  the  carbonates.  It  is  not  in  the  form  of  a  gas  in 
sea-wattf,  but  exists  in  several  molecular  species:  CQs,  HsCOs,  HCOs^ 
COB^^  and  carbonates  and  bicarbonates  of  all  of  the  bases  present. 
The  CQs  is  estimated  as  cubic  centimeters  of  the  dry  gas  at  0^  and  760 
mm.,  and  may  be  reduced  to  milligrams  by  multiplying  by  1.965. 

The  H*  concentration  of  sea-water  is  maintained  fairly  constant  by 
the  presence  of  salts  of  weak  acids  called  buffers.  These  are,  first  CQs 
and  second  HfBQs,  HtP04,  SiOs,  and  AssOs,  which  are  not  lost  by 
volatifisation  under  conditions  in  the  sea,  and  are  collectively  abbrevi- 
ated to  non-volatile  buffers.  The  Ph  of  sea-water  remains  constant  so 
long  as  these  buffers  (especially  CQs)  are  not  increased  or  diminished 
in  proportion  with  the  bases  combined  with  them. 

RESULTS  APPLIED  TO  OCEANOGRAPHY    AND  MEASUREMENT  OF 

RESPIRATION-RATE  OF  MARINE  ORGANISMS. 

An  of  the  Pb  determinations  were  made  with  the  hydrogen  electrode, 
but  at  the  same  time  the  indicator  method  was  calibrated  so  that  the 
results  may  be  duplicated  by  this  more  convenient  method.  The 
indicators  used  were  mostly  selected  from  the  list  shown  in  figure  3. 
It  was  found  that  the  sulfophthalein  series  gave  the  most  reliable 


28  Papers  from  the  Department  of  Marine  Biology. 


results  because  of  the  brilliancy  of  the  colors  and  the  fact  that  they  are 
differently  colored  in  acid  solutions  and  hence  the  change  is  qualitative 
and  not  quantitative.  An  error  due  to  a  difference  in  concentration  of 
the  indicator  may  be  at  once  observed,  whereas  this  is  not  possible  with 
phenolphthalein.  Dibrom-o-creeolsulfophthalein  has  the  same  range 
as  p-nitrophenol;  dibromthymolsulfophthalein  has  the  same  range  as 
phenolsulf ophthalein ;  dibromthymolsulfophthalein  has  about  the  same 
range  as  a-naptholsulfophthalein. 

Part  of  the  work  was  done  at  Tortugas,  Florida,  and  the  sea-water 
was  drawn  directly  from  the  sea  into  the  apparatus,  but  owing  to  the 
inability  to  work  at  any  temperature  except  30^  and  also  to  the  incom- 
pleteness of  the  library,  the  work  could  not  be  finished  there,  at  least 
in  one  summer.  Part  of  the  results  obtained  at  Tortugas  have  already 
been  published  (McClendon,  1916). 

The  work  was  brought  to  the  present  state  of  completeness  in  Min- 
neapolis, and  the  experiments  at  30^  are  in  close  agreement  with  those 
made  at  Tortugas.    The  sea-water  that  had  been  used  in  aquaria,  even 
those  of  pyrex  glass,  was  deficient  in  non-volatile  buffer,  due  to  the 
action  of  organisms,  and  could  not  be  used  in  standard  experiments. 
In  all  of  the  Minneapolis  experiments  one  of  the  sulf ophthalein  indi- 
cators was  added  to  the  extent  of  1  mg.  to  100  c.c.  of  sea-water,  and 
so  increased  the  non-volatile  buffer  to  this  slight  extent;  this  causes  a 
small  theoretical  error,  but  was  necessary  in  order  to  make  possible  the 
duplication  of  the  experiments  by  the  indicator  method.    There  was 
not  sufi&cient  time  for  another  series  of  experiments  without  the  indi- 
cator, as  the  sea  is  too  complex  a  solution  to  be  treated  in  any  simple 
mathematical  manner,  and  it  was  nec^sary  to  make  a  large  number  of 
direct  determinations  over  a  wide  range  of  conditions.    Some  of  the 
determinations  were  repeated  from  2  to  10  times  before  we  were 
confident  of  the  correctness  of  the  results.    During  the  investigation 
the  solution  of  o-cresolsulf ophthalein  was  accidentally  lost  and  a  new- 
one  was  prepared  in  the  same  manner  and  from  a  bottle  of  the  same 
label  by  the  same  manufacturer.    It  was  found  that  a  buffer  mixture 
containing  this  indicator  had  the  same  color  as  a  buffer  mixture  of  0.15 
higher  Ph  colored  with  the  old  solution.    This  led  to  a  repetition  of 
much  of  the  work.    It  has  long  been  known  that  such  an  experience 
may  be  had  with  any  indicator,  but  it  is  hoped  that  these  excellent 
indicators  may  be  manufactured  in  larger  quantities,  so  as  to  insure 
greater  uniformity,  and  that  each  yield  be  numbered  and  so  labeled. 

Alkaline  solutions  of  borax  and  other  buffer  mixtures  of  standard 
Ph  are  affected  by  absorption  of  CO2  by  the  air  and  solution  of  glass. 
Those  sealed  in  1  cm.  nonsol  glass  tubes  were  found  to  keep  for  about  a 
year.  In  order  to  increase  their  life  and  accuracy,  new  solutioiis  of 
higher  buffer  value  were  standardized  and  sealed  (by  fusing  the  glass) 
in  24  mm.  nonsol  tubes  containing  the  indicator.    These  tubes  sbould 
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be  good  for  5  years,  provided  they  are  kept  in  the  dariE  meet  of  ttie 
time.' 

Details  of  the  indicator  method  and  the  colorimeter  that  we  used 
are  given  (m  pages  44-46,  and  we  will  now  pass  on  to  the  question  of 
the  duplication  of  our  results  by  the  indicator  method. 

We  found  the  Ph  of  sea-water  to  be  practically  independent  of 
salinity  or  temperature  between  20°  and  30°,  and  all  of  our  experiments 
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Fu.  4. — RcnilU  of  electrometric  titretion  of  COi-trea  Bea-WBt«r  pltu  indicator  with  COi-fn* 
NaOH  whitkia.  A  very  alifbt  erom  of  HCl  u  added  to  the  water  and  the  CX)i  driven  off  hy 
boiUns,  the  wat«r  u  brou^t  about  to  the  neutral  point  (P^  ~7).  and  then  titrated.  On  the 
Qidinate  ia  meuored  the  looaritbin  of  Ute  number  of  cubic  centimeten  of  0.1  normal  NaOH 
•dded  to  100  c.e.  trf  the  neutral,  COr-free  >ea-«ater,  and  on  the  abecisBBi  is  measured  theP^. 
At  the  bottom  U  a  icale  for  convenion  of  the  Pg  into  notmality  of  H-ion  eoDaentrstion. 
The  tilntioDi  were  made  on  Me-water  [rom  the  following  sourcee:  A.  artificial  aes-water 
eoDlaining  0.0015  molecular  boric  acid.  B,  aea-water  from  Tortuga*,  Florida,  C,  artificial 
Ma-wUw  ooDtaiDing  0.0008  molecular  boiic  aoid.  D,  Tortugaa  aea-water  in  which  diatoiDi 
and  other  Protiita  had  bean  grown  in  a  pyreiflaak  for  about  6  mooths.  B,  aea-water  collected 
muaolMre  off  Hattana  and  kept  in  the  Princeton  marine  aquarium  about  6  yeara,  the  evapor- 
ation being  eoupeiuated  by  addition  of  rain-water.  F,  artificial  aea-water  without  any  non- 
volatikt  buffer.      Later  aKixfimeata  showed  theae  data  to  be  merely  rdative. 

at  10°  indicate  that  even  this  drop  in  temperature  does  not  appreciably 
affect  the  P..  Our  values  ^ven  for  0°  are  extrapolated  from  COi  data 
on  the  assumption  that  the  Pa  is  Independent  of  the  temperature. 

We  foimd  the  P«  of  sea-water  to  be  determined  solely  by  ratio  of 
tiie  concentration  of  buffers,  including  COi  and  other  weak  acids,  to 
the  concentration  of  bases  combined  with  them  (excess  base  over 
strwig  acid). 

■Dvplieatea  of  our  tube*  and  colorimeter  may  be  obtained  from  the  manufaoturen  of  tha 
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Attempts  were  made  at  Tortugas  and  continued  at  Minneapolis 
to  estimate  the  non-volatile  buffers  separately,  and  to  find  some 
reliable  data  in  the  literature,  but  this  work  has  not  reached  a  state  for 
publication.    It  was  found  that  pho^hates  and  silicates  are  soluble 
enough,  but  it  seems  impossible  to  find  enough  silicate  and  phosphate 
in  sea-water  to  account  for  aU  of  the  non-volatile  buffers,  even  though 
we  r^ard  the  results  of  analjrses  as  being  rough  estimates.    Borates 
were  found  in  Tortugas  sea-water  and  in  the  Princeton  Marine  Aquarium 
and  in  the  Pacific  Ocean  by  the  senior  author.    An  attempt  was  made 
to  increase  the  non-volatile  buffer  by  the  addition  of  phosphates, 
but  marine  animals  behaved  abnormally  in  this  water.    The  same  was 
attempted  with  silicates,  and  plants  grew  luxuriantly  in  the  artificial 
sea-water.    No  more  accurate  data  were  found  when  the  Tortugas 
paper  was  sent  to  press  (the  paper  was  received  for  publication  Sep- 
tember 14),  but  about  6  weeks  later  the  paper  of  Henderson  and  Cohn 
appeared,  in  which  it  was  stated  that  artificial  sea-water  containing 
boron  equivalent  to  0.0015  boric  acid  had  the  same  buffer  value  as 
sea-water.    This  led  us  to  make  a  series  of  electrometric  titrations, 
continuing  those  begun  at  Tortugas,  on  a  series  of  natural  and  artifidal 
sea-waters  imder  COrfree  conditions.    The  results  are  given  in 
figure  4,  and  it  was  estimated  from  this  and  tonometer  experiments 
that  Tortugas  sea-water  has  a  non-volatile  buffer  value  much  less  than 
0.001  m  boric  acid,  whereas  by  the  growth  of  diatoms  and  other  marine 
Protista  in  a  pyrex  flask  the  same  water  was  reduced  to  less  than  this; 
and  Princeton  aquarium  water,  kindly  sent  by  Dr.  L.  R.  Gary,  had  a 
still  lower  non-volatile  buffer  value.    It  is  not  possible  to  detemodne  the 
exact  boric-acid  equivalent  from  figure  4,  and  in  estimating  that  of 
Tortugas  water  the  Ph  of  artificial  sea-waters  and  Tortugas  sea-wat^r 
at  the  same  CO2  tension  were  foimd  to  be  about  equal. 

We  have  not  been  able  to  obtain  a  sample  of  sea-water  with  as  high 
non-volatile  buffer  value  as  artificial  sea-water  of  0.0015  m  boric-acid 
content.  Veatch  reported  evidence  that  the  shore-water  off  the  south- 
em  California  coast  is  in  communication  with  unknown  borax  dex>osits. 
Dr.  William  E.  Ritter  kindly  sent  us  a  sample  of  this  water,  and  it  'was 
found  to  give  the  same  qualitative  test  for  boric  acid  as  any  of  the 
other  sea-waters  examined.    It  had  a  non-volatile  buffer  value  equiv- 
alent to  Tortugas  sea-water.     We  feel  justified,  therefore,  in    the 
assumption  that  the  non-volatile  buffer  value  of  sea-water  of  fairly 
normal  salinity  is  a  more  or  less  constant  quantity  and  is  markedly 
changed  only  when  organisms  are  kept  a  long  time  in  a  relatively  small 
quantity  of  sea-water.    The  water  at  the  surface  of  the  ocean,  ^w^here 
most  of  the  organisms  Uve,  is  constantly  being  renewed  by  vertical 
ocean-currents. 

On  the  assumption  that  the  weak  acids  in  the  sea  have  a  soraei^liat 
comparable  buffer  value,  the  error  that  might  arise  in  calculating  the 
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CX^  content  from  the  P.  could  be  large  only  in  case  variation  in 
non-vc^tile  buffer  is  large*  But  CQt  is  more  than  100  times  as  strong 
an  acid  as  boric  acid,  the  dissociation  constant  of  the  former  being 
about  l(r*^  and  of  the  latter  lO'^^.  COf  may  neuti»)kg^4  times  aa 
much  NaOH  as  boric  add  is  able  to,  the  formula  b^mg  NatCQt  and 
NatB407  (although  the  solution  is  not  neutral  mother  case,  being 
alkaline,  due  to  hydrolysis).  We  may  assume^therefore,  that  the 
maximum  error  in  estimating  total  CQt  fron^^,  due  to  variation  in 
the  non-volatile  buffer,  is  negligible  (not  iij/fid&ng  any  other  sources 
of  error). 

The  estimation  of  the  excess  base  is  aa^llows :  Owing  to  the  presence 
of  boric  and  traces  of  pho^horic  &|jp  phenolphthalein  can  not  be 
used,  since  we  have  foimd  that  it  flras  a  result  about  5  to  10  per 
cent  too  low.  Methyl  red  is  not  as  l&isitive  and  may  give  too  high  a 
result,  and  it  is  better  to  use  the  same  indicator  we  used  if  comparative 
results  are  desired.  100  c.c.  of  sea-water  aie  placed  in  an  Erlenmeyer 
flask  of  resistance  glass  with  etched  wmk  at  100  c.c.  and  enough 
dibrom-o-cresolsulfophthalein  solutimj^o  color  it  a  distinct  purple; 
then  enou^  0.01  n  HCl  is  run  in  frova  burette  to  turn  it  yellow.  The 
flask,  together  with  a  resistance-glMr or  quartz  beaker  of  distilled  water, 
is  boiled,  pr^erably  on  an  elecmc  hot  plate  (alcohol  flame  is  better 
than  gas  if  electricity  is  not  available).  The  sea- water  will  become 
purple  again,  and  more  acid  should  be  added  to  turn  it  yellow  and  the 
boiling  continued.  Wooden  tongs  or  a  wooden  model  of  a  nut-cracker 
are  pr^erable  to  a  wire  test-tube  holder  for  handling  the  hot  flask. 
The  end-point  is  reached  when  just  enough  acid  has  been  added  to  turn 
it  yellow,  and  it  does  not  turn  purple  on  further  boiling  for  5  minutes, 
while  the  volxmie  is  kept  approximately  constant  by  additions  of  the 
boiling  distilled  water.  Distilled  water  that  has  remained  a  long  time 
in  soft  glass  should  not  be  used,  and  if  water  free  from  solid  residue  can 
not  be  obtained,  it  is  better  not  to  restore  the  volume,  but  to  repeat  the 
titration  with  the  addition  of  aU  but  1  c.c.  of  acid  before  boiling  and 
thus  accelerate  the  evolution  of  CQt*  Prolonged  boiling  after  the  end- 
point  has  been  reached  is  to  be  avoided,  owing  to  the  slight  solubility 
of  even  the  best  resistance  glass.  It  is  theoretically  possible  to  boil 
off  traces  of  HCl  after  the  end-point  has  been  reached,  but  this  process 
IS  necessarily  extremely  slow  at  so  low  an  acidity.  Normal  sea-water 
will  require  a  little  more  or  less  than  25  c.c.  of  0.01  m  HCl  per  100  c.c. 
or  25  c.c.  of  0.1  n  HCl  per  liter,  and  this  number  (for  example  25)  is 
used  to  denote  the  excess  base  over  strong  add  (t.  e.,  the  base  combined 
with  the  buffer  acids). 

In  titrating  the  non-volatile  buffers  the  same  procedure  minus  the 
indicator  is  followed  (though  it  is  possible  to  cut  aU  of  the  quantities  in 
half  if  necessary).  The  entire  quantity  of  add  is  added  at  first  and 
the  sea-water  boiled  about  15  minutes  gently,  in  order  to  remove  all  of 
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the  COs.  Any  COs  in  the  water  will  be  estimated  as  non-volatili 
buffer  and  influence  the  result.  The  equivalent  of  about  1  c.c*  of  0*1 1 
NaOH  is  added  to  the  boiling  sea-water;  the  volume  is  quickly  anc 
accurately  restored  with  boiling  distilled  water,  and  the  flask  tightlj 
closed  with  a  rubber  stopper*  The  NaOH  solution  must  be  free  f ron 
COs  and  contain  little  silicate.  The  method  of  its  preparation  anc 
protection  is  given  on  page  45.  The  exact  quantity  of  NaOH  to  b< 
added  can  not  be  stated,  but  there  should  not  be  sufficient  to  cause 
precipitation  of  earthy  hydroxides.  It  is  best  to  have  two  series  ol 
tubes  of  known  P.,  one  colored  with  thymolsulfophthalein  and  th< 
other  with  either  o-cresolsulf ophthalein  or  a-naphtholsulf ophthalein— 
in  other  words,  a  total  range  of  Ph = 7.5  to  9  or  greater,  but  only  th( 
first  series  of  tubes  are  necessary.  Two  nonsol  test-tubes  of  exactl} 
the  same  bore  as  the  standard  tubes  and  with  etched  marks  at  th( 
volume  to  be  titrated  are  provided,  each  with  a  rubber  stopper  with  i 
central  perforation  closed  with  a  glass  rod.  The  required  quantity  oi 
indicator  is  placed  in  each  of  the  tubes  and  sea-water  from  the  flasl 
poured  in  (to  the  mark)  and  the  stopper  quickly  inserted.  Care  musi 
be  taken  never  to  breathe  toward  the  test-tube  unless  it  is  tightl} 
closed.  The  tube  with  thymolsulfophthalein  is  first  examined  anc 
compared  with  the  standard  tubes  and  its  Ph  recorded.  The  glass  roc 
is  removed  from  time  to  time  and  small  quantities  of  0.1  n  HCl  an 
run  in  from  the  burette.  The  tube  is  shaJcen  and  its  Ph  is  recorded 
together  with  the  burette  reading. 

This  process  is  repeated  until  the  limit  of  the  indicator  is  nearl} 
reached,  when  enough  indicator  is  added  to  correct  for  the  increasec 
voliune  and  any  error  due  to  dilution  of  the  indicator  is  recorded.  Th< 
same  process  is  repeated  with  the  other  indicator  and  the  results  an 
compared  with  figure  4. 

If  the  excess  base  is  known  the  total  CO2  may  be  determined  fron 
the  Ph  by  using  the  conversion  table  in  figure  5.  The  three  diag- 
onal lines  are  for  sea-waters  containing  23,  24,  and  25  excess  bas( 
respectively.  The  smallest  possible  difference  in  COj  per  liter  that  w( 
have  been  able  to  determine  by  means  of  the  standard  tubes  is  0.1  c.c. 
but  in  order  to  do  this  it  is  necessary  to  have  a  finer  gradation  of  tubes 
than  are  ordinarily  used.  Such  a  degree  of  accxu^cy  is  only  relative 
since  the  absolute  accuracy  of  the  conversion  table  probably  does  nol 
exceed  1  per  cent.  The  diagonals  in  the  conversion  table  are  drawn  at 
straight  lines,  but  this  is  merely  an  approximation.  If  they  wen 
extended  they  would  have  to  be  curved  or  lose  in  accuracy.  The  sea  u 
of  too  complex  a  composition  to  admit  of  any  simple  mathematical 
relations.  Empirical  formulse,  such  as  the  one  developed  by  Fox  fo] 
estimating  the  total  CO21  may  be  discovered,  but  they  are  only  approxi- 
mations. Exact  data  may  be  obtained  only  by  direct  experiment,  and 
the  result  depends  on  the  technique. 
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If  the  seanwater  oontains  moie  than  nonnal  ncm-volatile  buffer^ 
the  CX)|  content  will  be  less  than  that  read  from  the  table,  and  vice 
versa,  but  &e  quantitative  side  of  this  relation  has  not  been  thcnmi^ily 
investigated.  We  may  picture  it  in  the  following  manner:  Suppose 
the  water  is  sealed  in  an  air-tight  container  so  that  CX>t  can  not  escape. 
If  we  add  boric  acid  part  of  it  will  remain  free  and  increase  the  number 
of  H  ions;  but  since  it  is  so  weak  an  acid,  this  change  will  be  sli^t. 
Part  of  &e  boric  add  will  displace  CX>s  from  bicarbonates  and  some  of 
the  CX>s  wiU  dissociate  and  increase  the  number  of  H  ions  still  more. 
Snce  boric  acid  is  weaker  than  CX)s  it  will  not  decrease  the  P.  as  much 
as  the  same  number  of  molecules  of  CX>s;  hence  the  error  in  estimating 
the  CX)s  will  not  be  as  great  as  the  same  molecular  concentration  of 
bcnic  add.  SiOi  would  have  even  less  effect  than  boric  acid,  but 
I^osphoric  add  would  have  a  relatively  greater  effect.  We  know  of 
no  determinations  of  As^  in  sea-water,  but  Bang  found  4  mg.  per 
kilogram  of  fish. 

The  conversion  table  in  figure  5  has  a  very  limited  range,  and  the 
further  it  is  extended  graphically  the  greater  the  error.  We  did  this 
f  <nr  the  Princeton  aquarium  water  because  it  had  the  very  abnormal 
excess  base  of  about  44.5.  We  determined  the  total  COs  and  P.  on  a 
portion  of  it  and  Dr.  L.  R.  Gary  determined  the  P.  of  another  portion 
and  the  change  in  P.  on  further  additions  of  COs-    The  results  are: 


Total  COt  from 
npcniiMDt. 

Total  COsfram 
table. 

Differeoee. 

P. 

88.4 

00.4 

114.8 

143.7 

82.2 
100.0 
115.2 
127.5 

-  6.2 
+  0.6 
+  0.4 
-16.2 

8.1 
7.5 
7.0 
6.6 

The  difference  of  6.2  c.c.  CX)|  at  P.  8.1  is  only  0.0004  m,  but  the 
difference  at  P.  6.6  is  probably  partly  due  to  an  error  in  the  extended 
table  or  the  experimental  data.  It  may  be  remarked  that  the  history 
of  this  abnormal  water  does  not  completely  solve  the  question  of  the 
origin  of  the  difference  in  excess  base.  It  is  possible  that  some  con- 
crete may  have  been  dissolved,  although  it  was  said  to  have  been  par- 
affined. Concrete  may  possibly  have  been  dissolved  by  the  rain-water 
used  to  compensate  for  evaporation,  or  limestone  dust  may  have  gotten 
into  the  rain-water  by  being  blown  onto  the  roofs.  These  character- 
istics of  the  water  were  not  investigated  when  it  was  first  received. 

In  uang  the  conversion  table  in  figure  5  for  the  study  of  the  respira- 
tion of  marine  organisms,  only  relative  values  are  necessary,  and  it  is 
thou^t  wholly  adequate  for  the  purpose.  It  would  be  of  little  advan- 
tage to  extend  the  ti^le  to  a  greater  P.  range  unless  it  is  first  absolutely 
estftbhshed  that  the  abnormal  P.  does  not  make  the  organisms  physio- 
lopcaDy  abnormal  and  that  oxygen  is  still  present  in  the  water  (see 
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oxygen  scale  at  left  of  figure  5  for  temperate  and  tropical  seas).  Hi 
scale  at  the  extreme  left  shows  that  the  temperature  is  raised  only  0.04 
by  animal  reepiration  that  uses  up  all  of  the  o^gen  in  the  warme 
seas.  This  shows  the  impossibility  of  the  existence  of  a  wann-bloode 
animal  with  gill  respiration. 

The  oxygen-content  of  sea-water  may  be  estimated  from  the  P, 
once  the  differences  between  cubic  centimeters  of  G(^  and  Oi  in 
samples  of  water  of  the  same  excess  base  are  reciprocal. 

lite  change  in  P.  with  change  in  COt  tension  is  affected  <mly  by  th 
temperature,  as  shown  in  converdon  table  in  figure  6. 


's       • 

I    <5. 


Tia.  6. — ConvarBoa  t>bl«  for  detetmiiuikg  Uie  total  GOi  md  Oi,  and  tb«  riae  In  Utapvttttm 
MM-watar  due  to  the  nspinttioD  of  maiiiM  *"'■"-''.  from  the  oxoeu  baoe  and  Pg.  Th*  tfar 
diasondl  h«  tor  thrM  values  of  the  Bxaeaa  IwM.  On  the  absoiMW  ii  ciTen  the  Pb  alid  on  ti 
ordinate  are  tour  aoalea,  one  for  the  total  COt,  one  for  the  approximate  Oi  of  bopiea)  oeaai 
one  for  the  Oi  of  tomperata  oceans  of  about  20°,  and  one  for  the  approximate  lin  in  tamper 
tore  due  to  reqiiration  of  marine  animsla,  in  hundredtha  of  a  deEcee.  This  eatimate  of  rise 
t«ntper«ture  ii  a  little  too  Bmall,  but  esn  not  be  oaloulated  exaotly. 

Changes  in  salinity  theoretically  affect  the  COi  tension  and  henc 
CX)j  content  of  sea-water.  Fox  divides  the  COa  into  two  parts,  one  o 
which  obeys  Henry's  law  and  never  exceeds  1  per  cent  of  the  total 
It  is  this  small  fraction  that  is  affected  by  salinity,  but  the  changes  ii 
salinity  ordinarily  met  with  in  the  lai^er  oceans  change  this  fractio) 
only  about  1.5  per  cent,  and  the  total  change  is  exceedingly  small 
We  have  not  been  able  to  determine  any  effect  of  salinity  on  P^  or  CC 
content. 
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Heoderoon  and  Cohn  state  that  if  the  C0|  tension  is  maintained 
eoDStant  (at  about  0*0004  atmo^here)  the  P.  changes  from  8.03  at 
30.73  salinity  to  8.1  at  34.6  S.  We  were  unable  to  confirm  this  result 
with  the  hydrogen  electrode.  Henderson  and  Cohn  used  the  indicator 
method  of  Sdrensen  and  Palitzsch,  and  the  difference  between  succes- 
sive standard  tubes  as  recorded  in  several  of  the  papers  of  these  authors 
is  Pb»0.1.  The  tubes  were  exposed  to  the  air,  but  were  occadonally 
renewed.  Their  results  were  sometimes  expressed  in  figures  of  four 
decimal  placeSi  but  this  probably  was  not  intended  to  have  more  than 
mathematical  significance.  In  fact,  we  foimd  that,  with  the  most 
accurately  measured  sealed  tubes  placed  in  a  colorimeter  that  brings 
the  centers  of  the  tubes  together  on  a  sharp  line,  we  could  not  dis- 
tinguish with  certainty  any  difference  smaller  than  about  Ph  0.02,  even 
in  the  most  sensitive  r^on  of  the  range  of  the  most  brilliant  indicators* 
The  fact  that  Henderson  and  Cohn  observed  P.  8.06  at  S  31.58,  8.07 
at  32.05,  and  8.06  at  32.45,  indicates  that  they  made  small  errors  in  the 
estimation  of  P.  or  COs  tension  or  temperature.  Sorensen  and  Palitzsch 
ffve  the  salt  ^ror  of  their  indicators  at  20  and  at  35  salinity,  and 
Henderson  and  Cohn  may  possibly  have  attempted  to  estimate  the 
change  in  salt  ^ror  from  S  30.7  to  34.6,  but  they  do  not  mention  the  fact. 

We  have  recalibrated  our  salt  errors  about  50  times,  but  the  different 
determinations  do  not  coincide  within  an  error  of  less  than  0.025  P.. 
On  the  average  it  was  foimd  to  be  necessary  to  subtract  0.05  from  the 
observed  indicator  P.  (sulfophthalein  series)  when  the  salinity  was 
increased  from  30  to  37.7  in  order  to  obtain  the  same  result  as  with 
the  hydrogen  electrode.  If  this  correction  is  applicable  to  Henderson 
and  Cohn's  indicator  for  this  range  (probably  phenolphthalein)  the 
increase  in  P.  with  rise  in  salinity  from  31.58  to  34.6  is  reduced  to 
0.2  and  is  about  the  limit  of  the  smallest  posmble  difference  that  can 
be  determined  with  the  eye,  whereas  the  range  of  salinity  is  as  great 
as  is  ordinarily  met  with  in  the  larger  oceans.  We  feel  saie,  therefore, 
in  assuming  that  the  influence  of  salinity  on  the  relation  of  CQt  tension 
to  P.  at  any  specified  temperature  in  negligible.  In  fact,  Henderson 
and  Cohn  do  not  state  the  variation  in  temperature.  In  our  experi- 
ments the  temperature  was  observed  within  0.05^  and  controlled  within 
0J2f^  during  the  majority  of  the  experiments  and  to  within  0.1^  diuing 
critical  periods. 

In  figure  6,  the  curves  for  30^,  20^,  and  10^  are  taken  from  the 
means  of  many  determinations,  whereas  the  curve  for  0^  was  extra- 
polated. The  results  of  Henderson  and  Colm's  experiments  at  20^  are 
marked  by  crosses.  Their  results  at  higher  CQi  tensions  more  nearly 
fan  on  a  smooth  curve,  but  it  is  impossible  to  compare  them  with 
hydrogen-electrode  determinations,  because  the  hydrogen  electrode 
is  not  very  reliable  in  low  partial  pressures  of  hydrogen,  even  though  a 
correction  be  i^yplied  for  change  in  hydrogen  pressure  or  concentration. 
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By  meane  of  the  conversioii  table  (fig.  6)  it  is  possible  to  determine  thi 
COj  tension  of  sea-water  from  the  temperature  and  Ph  as  read  by  meani 
of  the  standard  tubes  and  colorimeter  described  on  pages  44  46.    Tht 


■  lO-t 


in  conMntntim 


Fio.  6. — CoDversian  tebis  (or  finding  th«  CO)  tension  of  sea-vrater  from  the  P„  and  the  tempera- 
ture. Od  the  ordiDBte  is  measured  the  loftarithni  o(  the  CO]  tension  in  ten- thousandths  of  ai 
stmospbere.  On  the  abscissa  ia  measured  the  Pq.  trith  a  scale  below  for  eonvertins  it  into  till 
normality  ot  H  ions.  The  four  curves  are  for  30°,  20°,  10°,  and  0°.  the  last  of  which  has  beei 
extrspoUt«d.  The  crosses  mark  the  dst«rmiDBtioD3  of  Henderson  and  Cohn  by  the  oolori< 
metric  method  at  20°. 

COi  tension  is  of  first  importance  in  the  respiration  of  marine  organisms, 
The  rate  of  elimination  of  COi  by  animals  and  its  absorption  by  plants 
in  the  sunlight  is  directly  proportional  to  the  difference  in  COi  tension 
just  outside  and  inside  of  the  respiratory  surfaces.    Life  in  the  sea  is 
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moro  abundant  in  r^ons  that  are  vigorously  stirred,  so  that  the  COs 
tension  of  a  sample  of  the  sea-water  may  be  considered  ahnost  equal  to 
that  of  the  sea-water  bathing  the  respiratory  surfaces.  The  CQt 
taision  has  been  one  of  the  most  difficult  characteristics  of  sea-water  to 
determine  accurately. 

It  has  been  supposed  that  the  amount  of  CO2  in  sea-water  regulates 
the  growth  of  seaweed,  but  the  reverse  is  probably  more  nearly 
correct.  The  respiratory  quotient  of  marine  organisms  seems  to  be 
about  0.7  to  1.0  and  the  respiration  of  animals  and  plants  reciprocal. 
Some  marine  bacteria  take  their  oxygen  from  nitrates,  but  this  effect 
must  be  minute,  since  the  supply  of  nitrates  is  small.  The  atmo^here 
can  not  be  the  chief  regulator  of  the  CO2  of  the  sea,  since  there  is  about 
30  times  as  much  CQt  in  the  sea  as  in  the  air.  There  is  always  a 
superabundance  of  CO2  in  sea-water  to  supply  the  needs  of  green,  red, 
or  brown  seaweed,  but  by  using  it  the  plants  increase  the  P.  of  the 
water.  It  seems  probable  that  the  plants  grow  rapidly  imtil  the  Ph 
that  is  most  favorable  to  them  is  exceeded.  This  is  in  harmony  with 
the  fact  that  thePsOf  the  great  oceans  to  the  depth  penetrated  by  light 
is  more  constant  than  the  COs  tension,  the  Ph  varying  from  about  8.0 
to  8.25  and  the  COs  tension  from  about  0.00015  to  0.0005  atmosphere. 
The  sea  may  be  compared  to  the  body  of  one  of  the  higher  vertebrates. 
The  mammal  regulates  the  P.  of  the  blood  through  the  action  of  the 
respiratory  center.  The  sea  regulates  the  P.  of  its  surface-water  most 
probably  through  the  action  of  seaweed.  The  limit  in  the  supply  of 
oxygen  probably  prevents  animal  life  from  getting  the  upper  hand 
t^nporarily  and  thus  endangering  the  commtmal  life  in  the  sea. 

It  seems  probable  that  seaweeds  regulate  the  CO3  of  the  atmosphere. 
The  gaseous  exchange  between  sea  and  air  is  necessarily  at  the  surface 
and  is  comparatively  slow.  Bohr  observed  that  the  absorption  of  COs 
from  an  atmo^here  of  the  puro  gas  by  COrfree  water  that  is  stirred 
(probably  more  vigorously  than  the  sea  ever  is)  is  about  0.1  c.c.  per 
square  centimeter  of  surface  per  minute.  Since  the  difference  in  COs 
tension  between  air  and  sea  seems  never  to  exceed  0.02  per  cent  of  that 
in  Bohr's  experiment,  except  in  the  polar  r^ons,  the  rate  of  diffusion 
would  not  exceed  0.00001  c.c.  per  square  centimeter  per  minute  or 
0.1  c.c.  per  square  meter  per  minute  in  a  storm,  and  necessarily  much 
less  in  calm  weather  on  account  of  the  lessened  rate  of  stirring  at  the 
surface.  When  we  consider  the  volume  of  the  sea  and  air  compared 
to  the  sea-air  surface,  the  fact  becomes  intelligible  that  the  COs  in  the 
air  is  relatively  constant  (3  per  10,000)  in  the  different  regions  of  the 
world  where  it  has  been  accurately  measiu^,  whereas  the  COs  tension 
of  the  sea-surface  varies  from  1.5  to  5  per  10,000.  The  air  is  stirred 
more  rapidly  than  the  sea,  and  the  CO2  of  the  air  seems  to  be  deter- 
mined by  an  equilibrium  between  gain  in  COs  over  some  regions  of  the 
surface  and  loss  over  others.    The  partial  pressure  of  COs  i^  the 
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air  is  therefoie  the  average  CQi  tenflkm  of  the  eea-euif aoe.  The  bun] 
ing  of  a  billion  tons  of  coal  per  year  is  probably  changing  the  CO 
content  of  the  sea  and  of  rocks  and  not  of  the  atmo^here* 

Regnard  kept  a  tall  open  tube  filled  with  a  solution  that  becam 
colored  in  the  presence  of  oxygen  at  constant  temperature  to  preven 
convection  currents.  At  the  end  of  one  year  oxygen  had  diffused  ' 
meters  deep  into  the  solution.  Although  some  oxygen  was  used  h 
coloring  the  indicator,  the  experiment  illustrates  the  slowness  of  diff u 
sion  in  liquids. 

Since  both  the  conversion  table  for  CQt  content  and  the  one  fo 
C0|  taision  are  based  on  the  assumption  that  the  non-volatile  buffe 
and  the  excess  base  in  sea-water  are  constant,  fiuiJier  work  is  bein; 
done  on  this  subject.  It  seems  probable  that  the  weak  bases  in  sea 
water  may  assist  the  buffer  action.  The  concentration  of  NH^  i 
small,  but  is  added  to  the  total  buffer  value;  it  is  non-volatile  imder  th 
conditions  present  at  the  surface  of  the  sea  and  is  constantly  h&n\ 
replenished  by  rain  as  it  is  used  by  organisms.  Aluminium  can  act  botl 
as  weak  base  and  weak  acid,  but  probably  acts  as  a  weak  base  in  the  sea 
Organic  acids  besides  CQt  may  be  classed  as  non-volatile  buffen 
Thdr  destruction  in  warm  seas  is  probably  due  to  the  action  o 
denitrifying  bacteria,  which  catalyze  the  oxidation  of  organic  matte 
with  nitric  and  nitrous  adds,  as  shown  by  Drew.  The  concentration  o 
organic  adds  is  probably  maintained  just  below  that  which  can  b 
appreciably  utUized  by  these  bacteria. 

The  following  artificial  sea-water  was  found  excellent  for  the  growtl 
of  marine  Protista  and  experiments  in  places  where  sea-water  can  no 
be  obtained  (the  voliunes  being  correct  for  20^) : 


CaCli.  dry. 
MgClrCmq. 
MsSO*74aq. 

KCl 

Naa 

N«Br*2iui.. 
NaHOOt. . . 


Per  liter. 


1.22 
5.106 
7.036 
0.768 
282.7 
0.0824 
0.21 


m  solu- 
tions. 


11. 

26.16 

28.66 

10.23 

483.66 

0.8 

2.6 


Isotonio  solu- 
tions. 


(0.38  m)  20.0 

(0.87  m)  67.0 

(0.976  m)  29.6 

(0.677  m)  17.7 
(0.668  m)  862.0 

(0.666  m)  1.4 

(0.930  m)  2.7 


NsiSiOt.... 
Na^i^t . . . 

HaK)4 

HtBOt 

AltClrl2aq 

NHi 

liNOi 

H,0 


Per  liter. 


0.0025 


0.062 
0.026 


0.0014 
(to  1  Uter) 


m  solu- 
tions. 


ex. 


0.006 
0.002 
1. 

0.01 
0.001 
0.002 
373.63 


If  NstSiQt  is  used,  it  should  be  dissolved  in  the  HjO  before  addinj 
the  other  salts  or  it  will  be  imposdble  to  get  into  solution.  We  use< 
a  thick  sirupy  solution  of  water-glass  (said  to  be  NatSi409)  and  mad 
an  analysis  of  the  Si  concentration  because  we  wished  to  ascertain  th< 
buffer  value,  but  for  the  growth  of  organisms  it  is  sufiScient  to  conside 
the  commercial  solution  as  equivalent  to  6  m  SiQt  or  1.5  m  NatSi40fl 
and  the  quantity  desired  should  be  obtained  by  successive  dilutions 
as  a  strong  solution  will  predpitate  when  added  to  the  other  salts 
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For  plants  at  least  it  is  permissible  to  add  a  drop  of  the  strong  solution 
per  liter  and  allow  it  to  precipitate.  If  cultures  are  grown  in  boH 
^asB^no  further  additions  of  Si  will  be  necessary  to  supply  that  used  up 

by  diatoms. 

Wh^i  sea-water  is  evaporated  and  redissolved  oxides  of  manganese 
and  iron,  CaS04,  SiOt,  Ca«(P04)i,  CaCO«,  CaF,,  Ca(BO0i,  AlA, 
Ba(BOs)si  BaS04,  and,  under  certain  conditions,  MgNH4P04  are  diffi- 
cult to  get  into  solution,  but  by  adding  HGl  and  evaporating,  a  paste 
ocmtaining  gyi)sum  will  be  obtained  which  will  go  into  solution  in 
about  3  days  and  may  be  neu- 
laralized  and  0.21  gram  NaHCOt 
per  liter  added. 

Another  method  of  determin- 
ing the  COt  tension  on  board 
ship  or  in  laboratories  without 
general  chemical  equipment  was 
developed.  The  portable  micro- 
apparatus  for  determioing  the 
total  CX>s,  described  in  section 
4,  was  used  and  conversion 
tables  were  prepared  for  deter- 
mioing the  CX>s  tension  from 
the  total  COs,  Uie  temperature, 
and  the  excess  base.  Figures 
7, 8,  and  9  are  conversion  tables 
for  finding  the  COt  tension  of 

sea-water  of  23, 24,  and  26  excess  ^-  7.-Conver»ion  taUe  for  finding  tbe  CO,  Umr 

,  X*      1         t;^     1.  '^'^  ^^  8e»-w»t«r  oi  23  ezoefls  base  from  tbe 

base,  respectively.     JliSCn  curve  tampeimture  and  total  (X)i.    Eaohoarveislor 

is  for  the  indicated  temperature  only  one  tempOTture,  andJJiat  for  O*  haa  been 

,  J     XI.  1  r        /\o  extrapolated.    On  the  ordinate  la  giyen  the 

only,     and    tne    values    lOr    U  total  CX>i  and  on  the  abaciaaa  the  COt  tenalon 

were  extrapolated.      Tables  for  in  teo-thouaandth«  of  an  atmo^here. 

sea-water  of  any  other  excess  base  titration  may  be  plotted  with  the 
aid  of  figure  10,  which  shows  the  change  of  CO2  with  change  in  excess 
base  when  other  factors  are  constant. 

Althou^  it  is  theoretically  a  simple  matter  to  determine  the  CX)s 
tension  directly,  in  practice  it  has  been  most  difficult  and  attended  with 
large  experimental  errors.  Perhaps  the  most  direct  method  is  to  shake 
a  large  quantity  of  the  sea-water  witha  small  quantity  of  air  in  a  bottle 
until  equilibrium  is  established,  and  analyze  the  air  in  the  bottle. 
Errors  arise  in  failure  to  reach  equilibrium  or  to  correctly  determine 
the  pressure  and  teQq)erature  or  to  correctly  analyze  the  air.  The 
analysis  of  one  part  of  COt  in  10,000  parts  of  air  may  be  done  by  the 
titration  method,  in  which  there  are  solubility  and  other  errors,  or 
by  measuring  the  gas-volume  contraction  after  absorption  of  COs, 
in  which  there  are  temperature,  pressure,  and  meniscus  errors.    A 
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converaion  table  was  made  by  Fox.  For  those  who  may  be  confused 
at  first  by  logarithmic  paper  the  relation  of  P.  and  CO3  tenaon  is 
shown  on  (ndinuy  coordinate  paper  in  figure  U. 
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COj  preMure  in  O.OOOl  arrn«pher« 

Pw.  8. — Conversion  table  for  findiDK  the  COi  ten- 
sion of  sea-water  of  24  exceaa  ba^  from  tho 
temperature  and  tatal  COi- 


CO,  pnuurt  in  D.WXIl  ilmogphnn 


Pta.  <■— OwTtnioit  tkbla  for  findios  tlie  COi  tea- 
«ion  tA  Mirwater  nH  2fi  eioei*  base  (lom  Um 
taipttBtim  and  tot*l  COi. 


t  ttniii  acid 


tut.  10. — Datatobeu«eduim«kiiisBOMi>r«nric» 
t&Ue  like  Gs-  Si  but  of  any  other  azoeoi  baw* 
Transfer  valuea  from  fig.  B  to  the  2G  onUnAta 

the  nearest  diagonal  in  fig.  11;  thaTiliMt 
Bousht  are  found  where  then  diagMMla  e«t 
theoidioateof  theexoeoibaae  nu^t. 


The  Hydrogen4on  Conterdration,  etc.,  0/  SeorWater,  41 

The  detenmnation  of  COi  of  the  air  is  made  by  placing  about  10  c.o. 
of  natural  or  artificial  sea-water  contunii^  the  thymolsulfophthalein 
in  a  nonsol  test-tube  of  exactly  the  same  bore  as  the  sealed  tubes  and 
bubbling  air  through  it  to  eqiulibriimi  and  comparing  with  the  tubes. 
The  COi  tension  of  the  air  is  read  from  figure  6.  In  order  to  hasten 
equilibrituu  the  test-tube  should  be  tall  and  have  a  series  of  constric- 
tions above  the  portion  necessary  for  colorimetry.    A  rubber  stopper 


Flo.  11. — CoQvenion  table  for  fuiding  the  COt  tenuon  of  Be«-wtiter  at  30*  from  Uie 
Fr.  This  ligure  u  eiplanatory  of  figure  S.  The  brokea  line  is  to  be  disressrded. 
(Ftmd  Jour.  BioL  Chem..  1910,  xsrm.  135.) 

with  3  holes  is  inserted  and  a  glass  tube  leading  to  the  bottom,  its 
ctoeed  end  bdng  pierced  by  fine  holes;  a  tube  is  connected  to  a  suction 
punm  and  a  mercury  manometer  inserted  in  the  third  hole.  The 
CO^sontent  of  the  air  is  the  COj  tension  X  760  -^  (the  barometric  read- 
ing—manometer reading).  Thymolsulfophthalein  is  decolorized  by 
bubbling  air  through  its  solution  for  a  long  time,  but  this  seems  not 
to'be  an  oxidation  or  a  reduction.  .,1 
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CALIBRATION  OF  AN  IMPROVED  INDICATOR  METHOD  FOR  USE 
SHIPBOARD  AND  IN  POORLY  EQUIPPED  LABORATORIES. 

After  the  excellent  work  of  Sdrensen  and  his  associates  on 
indicator  method  it  might  be  supposed  that  the  last  word  had  I: 
spoken  on  this  subject.  But  there  are  several  disadvantages 
Sdrensen's  method.  The  solutions  have  to  be  exposed  to  the  air  dm 
the  determinations  and  are  placed  in  such  a  position  that  the  operat 
breath  might  blow  directly  into  them.  (This  has  been  obviated 
our  method  by  sealing  the  tubes  by  fusing  the  glass,  as  done  by  Ro 
tree  and  his  associates.)  The  salt-content  of  Sorensen's  buffer  mixti 
is  much  less  than  in  sea-water,  and  a  large  salt  correction  had  to 
applied,  and  no  new  indicators  could  be  used  imtil  their  salt  error  ^ 
determined.  This  has  been  obviated  by  calibrating  new  buffer  n 
tures  of  the  same  salt-content  as  sea-water.  The  use  of  a  colorim€ 
that  brings  the  centers  of  the  tubes  together  in  a  sharp  line  makes 
possible  to  compare  the  sealed  tubes  from  the  side  even  more  accurat 
than  open  tubes  viewed  from  above.  The  sealed  tubes  are  gradus 
changed  by  solution  of  even  the  most  resistant  glass,  but  this  chai 
has  been  i^uced  by  increasing  the  volumensurface  ratio  as  well 
the  buffer  and  NaCl  concentration.  The  selection  of  the  brilli! 
sulfophthalein  indicators,  brought  to  our  notice  by  the  work  of  Li 
and  Clark,  greatly  facilitates  the  determinations.  We  found  that  i 
salt  error  of  aU  of  these  indicators  so  far  calibrated  is  the  same;  at  le; 
no  distinction  could  be  made  within  the  range  that  we  had  to  use. 

Although  we  made  the  salt-content  of  the  buffer  mixtures  the  sai 
as  sea-water,  it  is  sometimes  convenient  to  apply  a  slight  salt  correcti 
for  the  slight  variation  in  the  salinity  of  ocean-water  rather  th 
carry  a  separate  set  of  tubes  for  each  salinity.  But  the  magnitude 
this  correction  seldom  exceeds  one-sixth  of  the  correction  that  had  to 
applied  to  Sdrensen's  buffer  mixtures.  In  our  final  set  of  tubes, 
slight  compromise  was  made  in  order  to  satisfy  aU  of  the  principles  & 
forth  at  once.  Borax  is  the  best  buffer  and  is  not  very  soluble;  i 
solubility  is  reduced  by  the  presence  of  salt.  Since  it  was  desired 
have  as  high  a  concentration  of  borax  as  possible,  the  salinity  of  ti 
buffer  mixtures  was  made  to  equal  that  of  sea-water  of  about  tl 
lowest  salinity  ordinarily  met  with,  and  the  labels  of  the  tubes  we 
changed  so  as  to  correct  for  salt  error  of  sea-water  of  the  mean  salinil 
that  is  to  be  encountered  in  an  investigation,  and  directions  were  give 
for  correcting  for  variation  in  salinity.  Unless  otherwise  specified  tl 
tubes  are  labeled  for  a  salinity  of  31.25  grams  per  kilogram  and  wit 
these  tubes  salinity  variation  within  the  ordinary  range  of  the  larg< 
oceans  causes  slight  errors  that  may  be  allowed  for. 

The  buffer  mixtures  were  made  of  different  proportions  of  two  stoc 
solutions.  In  making  a  set  of  tubes,  the  indicator  was  selected  an 
added  to  portions  of  the  two  stock  solutions  in  two  automatic  burette 
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in  the  proportion  of  10  mg.  per  liter.  The  burettes  were  protected  with 
soda-lime  tubes  and  the  condensation  water  was  mixed  up  by  ghalnng 
the  burette  occasionally.  For  this  purpose  a  burette  supported  by 
the  stock  bottle  is  most  convenient,  once  connections  are  not  damaged 
in  shaking.    This  burette  is  sometimes  known  as  Squibb's  automatic. 


Flo.  12.— TMt-tube  e»ge  and  analo  (ot 
^kdaating  tlie  q>eci*l  BUomelna  ap- 
panttu.  The  t«at-tubs  gtga  ia  to  ba 
iiiM*t«d  in  the  taat-tube.  Itcriopela 
mad«  vary  gradunl  in  oidw  to  leaami 
tin  cnoi  produoad  by  iDOoneot  aatU 
matiaD  of  tlia  poaitioD  of  the  unioti  of 
thelip  and  ejHindricial  part  of  Uia  tube- 
It  may  be  cut  out  and  uaed  imioedt 
ataly  or  af  tar  paatiug  it  op  ■  piece  o( 
sheet  metal  of  the  same  slupe.  In 
uainc  the  otbtx  aoale.  find  Uie  position 
at  wbioh  the  width  of  the  aoale  is  the 
same  aa  the  leusth  to  be  divided  and 
told  the  •oalaparallel  to  the beavy  line. 

A  good  ^Bss  as  r^ards  solubility  is  pyrex,  but  we  have  not  become 
akillfal  enough  to  use  i^aas  of  so  high  a  melting-point.  On  account  of 
its  eolor  Jena  glass  could  not  be  used.  The  tubes  used  were  nonsol 
test-tubes  (^  24  mm.  bore.  We  obtained  a  very  lai^e  number  of  these 
and  divided  them  into  grades  in  regard  to  bore,  with  the  test-tube  gage 
shown  in  figure  12.  Those  of  the  same  bore  and  the  meet  nearly 
ejiiodiieid  were  selected  for  a  set.  The  measurements  were  verified 
with  a  micrometer  caliper,  and  no  variation  in  any  diameter  greater 
than  0.2  mm.  was  allowed.  Since  there  is  danger  of  getting  COi  into 
the  tubes  in  sealing,  they  were  first  constricted  in  the  middle  to  a  very 


44 


Papers  from  the  Department  of  Marine  Biology. 


narrow  neck,  filled,  and  quickly  sealed  by  applying  the  blast  lamp  to 
the  center  of  this  constriction,  the  part  removed  being  saved  for  use 
with  sea-water.  The  blast  lamp  and  all  other  flames  were  in  a  separate 
room  from  the  burettes.  The  seal  left  a  point  on  the  tube  liable  to  be 
broken,  but  this  was  covered  with  a  layer  of  melted  chewing-gum 
followed  by  a  cap  of  sealing-wax.  In  the  following  list  of  mixtures  the 
first  colimm  gives  the  percentage  of  the  acid  solution  having  0.3  m 
boric  acid  and  2.25  per  cent  NaCl,  the  second  column  the  percentage 
of  the  alkaline  solution  of  0.075  m  borax  and  1.9  per  cent  NaCl,  the 
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third  column  gives  the  Ph^  the  fourth  column  the  Ph  of  sea-water  of 
S = 31.25  grams  per  kilo  (CI  =  17.3  per  kilo  or  17.7  per  liter)  of  the  same 
color,  and  the  fifth  column  the  Ph  of  sea-water  of  S= 37.76  (CI  =  20.9 
per  kilo  or  21.5  per  liter)  of  the  same  color,  the  actual  volume  of  acid 
solution  used  for  a  tube  in  the  sixth  column  and  of  alkaline  solution  in 
the  seventh  column.  Unless  otherwise  specified,  the  tubes  are  labeled 
according  to  the  fourth  column,  and  those  of  Ph  7.4  to  7.7  sterilized. 
The  first  difficulty  encountered  was  in  obtaining  a  boric-acid  solution 
with  the  same  salt  effect  on  the  indicators  as  the  borax  solution. 
Starting  from  the  conclusions  of  Palitzsch  as  to  the  salt  value  of  boric 
acid,  we  finally  developed  the  solution  given.  We  have  calibrated 
these  tubes  with  sea-water  about  50  times  and  in  all  parts  of  their 
range.  Our  tubes  are  labeled  according  to  column  4  of  the  table,  and 
include  a  set  of  o-cresolsulfophthalein  tubes  from  Ph  7.45  to  8.30  and  a 
set  of  thymolsulfophthalein  tubes  from  Ph  7.9  to  9.05.  The  tubes 
deposit  borax  crjnstals  when  kept  long  at  a  low  temperature  and  these 
crystals  should  be  dissolved  by  warming  the  tubes  before  using  them. 
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No  special  preeautions  are  necessary  in  making  the  solutions. 
Reagent  borax  and  boric  add  needs  no  recrystallisation,  but  com* 
mardal  products  must  be  recrystaUized  by  dissolving  in  hot  distilled 
wator  and  filtering  and  cooling,  then  removing  the  mother  liquor  as 
much  as  possible  and  rinsing  the  crystals  in  ice-cold  distilled  water. 
The  boric  add  may  be  dried  in  a  desiccator,  but  must  not  be  heated 
above  70^  to  hasten  the  drying.  Borax  crystals  effloresce  in  air  on 
the  surface,  and  powdery  crystals  must  be  discarded.  It  is  usually 
suffident  to  discard  the  surface  layer  of  crystals  from  the  bottle.  The 
Na  content  of  the  borax  may  be  titrated  with  0.1  n  HGl,  using  methyl 
red  or  dibrom-o-cresolsulf ophthalein  as  indicator.  It  was  found,  how- 
ever, that  the  eye  was  more  capable  of  detecting  efflorescence  of  the 
crystal  before  it  was  dissolved  than  by  the  use  of  methyl  red  afterwards. 
The  other  indicator  is  more  sensitive  and  a  flask  containing  the  equiva- 
lent quantity  of  boric  add  and  NaCl  may  be  used  to  get  the  ^id-point. 
The  titration  does  not,  however,  distinguish  between  impurity  and  loss 
of  water. 

The  borax  solution  may  be  prepared  from  boric  add  and  CQr 
free  NaOH,  but  it  takes  more  time  to  do  this  imless  it  is  done  at  the 
same  time  that  the  solutions  for  determining  the  non-volatile  buffer  are 
prepared.  Reagent  NaOH  contains  more  carbonate  than  is  apparent 
on  the  surface  of  the  sticks  and  must  be  purified.  For  this  purpose,  a 
saturated  solution  in  distilled  water  is  prepared  (100  grams  NaOH+ 
100  c.c.  HsO),  and  after  thorough  mixing  it  is  s^ed  in  a  number  of 
nonsol  test-tubes  by  fusing  the  glass.  These  are  placed  upri^t  in  a 
thamoe  bottle  (Dewar  flask)  or  wrapped  in  cotton  wool,  in  order  to 
retard  convection  currents  that  stir  up  the  predpitate.  In  2  or  3  dajrs 
the  solution  in  the  middle  of  each  tube  will  be  dear,  the  insoluble 
carbonate  having  settled,  except  for  a  little  on  the  sides  and  the  surface 
film.  The  only  way  to  prevent  a  trace  on  the  surface  film  is  to  com- 
pletely fill  the  tubes,  which  can  only  be  approximated.  Owing  to  the 
hi^  viscodty  of  the  solution  it  can  not  be  measured  with  delivery 
IHpettee,  and  it  is  very  convenient  to  have  pipettes  whose  capacity  is 
known  (which  can  be  determined  by  weighing  wh^i  empty  and  when 
full  of  watar  and  multiplying  the  difference  by  the  density  of  water  at 
that  temp^ature).  A  tube  is  opened  by  cutting  off  the  sealed  end, 
the  i»pette  tip  is  plunged  to  the  center,  and  the  sample  quickly  drawn. 
The  meniscus  is  adjusted,  the  outdde  is  wiped  off,  and  the  NaOH 
wadied  out  of  the  pipette  into  a  beaker  with  distilled  water  and 
titrated.  If  the  <^)ened  test-tube  is  to  be  used  again  it  must  be  quickly 
sealed  with  a  lump  of  soft  paraffin  and  indosed  in  an  air-tight  container 
or  CX>rfree  compartment,  preferably  in  a  thermos  bottle,  for  the 
disturbed  carbonate  to  settle  again;  but  it  is  advisable  to  use  a  tube 
only  once.  The  solution  of  boric  add  is  prepared  in  a  volumetric 
flask  with  distilled  water  freshly  boiled  in  a  metal  container,  but 
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enough  space  is  left  to  admit  the  NaOH,  which  is  run  in  before  the 
flask  is  filled  to  the  mark.  It  is  usually  necessary  to  adjust  the  NaOH 
concentration  by  successive  titrations  and  dilutions  with  freshly 
boiled  distilled  water  before  it  can  be  measured  with  sufficient  accuracy. 
All  solutions  should  be  sealed  or  provided  with  sodarlime  tubes.  The 
sealed  tubes  of  saturated  NaOH  gradually  become  contaminated  by 
the  solution  of  ^ass.  This  process  is  slower  in  the  borax  solution,  but 
it  should  be  kept  in  the  best  resistance  ^ass  available. 

Oui  boric  acid  was  recrystallized  several  times  in  quartz  beakers  and 
the  reagent  borax  was  titrated,  to  make  sure  of  the  proper  Na  content. 
We  standardized  our  HGl  solution  with  reagent  NaHCOi  that  had 
been  heated  to  270''  to  SW  (short  of  sintering)  by  Dr.  F.  B.  Kingsbury, 
using  methyl  orange  as  indicator  and  a  GOs  solution  for  standard  color 
of  the  end-point  of  the  indicator.  The  weights  used  were  standardized 
and  volimietric  apparatus  certified  and  used  at  constant  temperature. 
All  of  these  precautions  are  probably  not  necessary,  however,  to 
duplicate  our  results.  Owing  to  the  high  concentration  of  the  buffers 
laiger  absolute  errors  are  permissible  than  in  Sdrensen's  buffer  mixtures. 
The  boric  acid  can  be  titrated  in  borax  with  COrfrce  NaOH,  using 
phenolphthalein  as  indicator,  provided  large  quantities  of  neutral 
^ycerol  are  added  to  prevent  hydroljrsis.  1  m  NaOH  titrates  1  m 
HsBOs  (Tread well-Hall).  We  consider  this  titration  superfluous, 
provided  the  crystals  do  not  appear  to  have  lost  water,  and  especially 
if  the  Na  content  is  correct.  It  is  probably  less  expensive  to  obtain 
pure  borax  than  to  titrate  it* 

A  little  care  is  necessary  in  comparing  the  color  of  the  tubes.  If 
parallel  rays  of  light  are  passed  through  them  they  act  as  lenses,  con- 
centrating the  light  to  a  line  and  making  comparison  difficult.  If 
ground  (sand-blasted)  glass  is  used  to  disperse  the  light,  the  granular 
appearance  prevents  the  most  exact  estimation  of  the  color.  We 
found  the  only  satisfactory  background  to  be  a  piece  of  very  thin  opal 
^ass  placed  dose  behind  the  tubes.  The  middle  portions  of  the  tubes 
then  appear  uniform.  In  order  to  increase  the  accuracy  of  the  observa- 
tions, we  removed  the  lenses  from  a  stereoscope,  placed  their  inner  edges 
togetlier,  and  fastened  them  at  such  a  distance  (8.5  to  10  cm.)  in  front 
of  the  tubes  that  when  one  eye  was  closed  and  the  other  held  about  6 
inches  from  the  lenses,  the  centers  of  the  tubes  were  brought  together 
in  a  sharp  line.  Two  colorimeters  of  this  natiu^  were  made  and 
proved  satisfactory.  The  only  serious  difficulty  we  had  was  in  making 
the  illumination  symmetrical.  This  is  easily  done  by  allowing  direct 
sunlight  to  fall  on  the  opal  glass  of  the  colorimeter  and  adjusting  a 
pair  of  gun-sights  (that  have  been  placed  for  the  purpose  on  the  top  of 
the  instrument)  in  line  toward  the  sun,  but  the  eye  is  made  unfit  for 
colorimetric  work  for  some  minutes  unless  a  dark  glass  is  used.    Owing 
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to  the  small  part  of  the  time  during  which  we  had  sunlif^t,  or  eveai 
sofficittit  dayli{^t,  we  tried  maxda  lights  and  found  that  we  could 
compare  o-ereeolsulf ojdithalein  (with  some  loss  in  accuracy)  by  means 
(rf  a  250-watt  sterec^ticon  lamp,  but  this  would  not  do  at  all  f or  thymol- 
sulfi^hthalein.  The  best  artilBicial  light  we  have  tried  is  a  100-watt 
'^daylite"  masda  (blue  bulb)  with  aluminium  reflector,  but  we  have  great 
diflSculty  in  making  the  light  symmetrical,  probably  owing  to  irregu- 
larity in  the  thickness  of  the  blue  ^ass.  This  adjustment  is  made 
easier  by  a  further  dispersion  of  the  light  by  means  of  a  sand-blasted 
i^aas  placed  several  inches  behind  the  opal  ^ass,  but  in  every  case  it  is 
neoeeaary  to  verify  a  cdor-match  by  intercJianging  the  tubes.  The 
lamp  was  placed  as  dose  as  possible  to  the  tubes,  but  it  might  be 
suppoeed  that  the  use  of  a  larger  lamp  or  thinner  opal  ^ass,  thus 
wiabling  the  lamp  to  be  placed  at  a  greater  distance,  would  more 
nearly  iqqmizimate  the  ccmditions  with  sunlight.  We  did  not  asco^ 
tain  that  the  opal  ^ass  is  colcnrless,  althoui^  it  i^pears  pure  white. 
The  sand-blasted  ^ass  had  a  di^^t  greaiish  hue  noticeable  on  the 
edge,  but  we  were  unable  to  obtain  ccdorless  sand-blasted  ^ass  before 
the  close  of  the  experim^its.  The  first  attempt  at  using  the  cciar- 
imeter  may  lead  to  the  supposition  that  the  tubes  may  be  matched 
more  accurately  by  simply  hdding  them  before  a  piece  of  opal  ^ass  in 
the  window,  but  this  is  due  to  failure  of  symmetrical  h'ghting  in  the 
cdooimeter.  With  a  little  experience  it  is  possible  to  distinguish  tubes 
in  the  cdcxuneter,  whidi  appear  alike  without  it. 

The  indicators  may  be  used  in  aqueous  solution,  since  dilution  of  the 
sea-water  has  little  effect  on  the  P..  In  our  experiments,  however,  it 
was  necessary  to  use  very  concentrated  solutions  of  the  indicators, 
because  we  used  the  same  sample  of  sea-water  for  the  hydrogen 
dectrode,  the  colorimeter,  and  the  analysis  of  total  COs,  and  dilution 
has  an  enormous  ^ect  on  the  COs  content  at  constant  COs  t^osion. 
We  made  up  0.1  per  cent  solutions  of  the  indicators  in  ethyl  alcohol 
redistilled  over  sodiimi.  The  o-cresolsulfophthalein  dissolved  on 
heatdng,  but  the  thymolsulfophthalein  had  to  be  assisted  by  a  little 
CXVfrce  NaOH.  Enough  NaOH  to  bring  the  color  of  the  indicator  to 
the  middle  of  its  range  makes  it  more  sensitive,  but  imless  it  is  pro- 
tected from  COs  it  will  absorb  quantities  of  this  gas  and  become 
correspondingly  insensitive.  If  NaOH  is  used  to  assist  solution,  it  is 
safer  to  add  an  equivalent  of  HCl,  as  the  small  amount  of  this  salt 
fonned  will  not  be  appreciable  when  mixed  with  sea-water.  Since  we 
used  only  0.1  c.c.  of  0.1  per  cent  alcoholic  solution  of  the  indicator  for 
10  c.c.  of  sea-water,  we  do  not  believe  the  alcohol  influenced  the 
indicator  method  appreciably,  but  we  suspect  that  both  alcohol  and 
indicator  t^ided  to  depolarize  the  hydrogen  electrode  and  increase  the 
time  necessary  for  equilibriiun. 
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It  18  very  difficult  to  completdy  prevent  the  cono^itratioii  of  the 
indicator  solutions  by  evaporation  while  in  actual  use,  and  we  did  not 
attempt  to  do  it.  We  kept  the  solutions  in  small  Erlenmeyer  flasks, 
each  having  a  pipette,  graduated  in  hundredths  of  a  cubic  centimeter, 
passed  through  the  stopper  into  the  solution.  Perhaps  the  most 
convenient  way  of  correcting  the  concentration  of  these  solutions  is  to 
make  up  one  tube  of  distilled  water  containing  the  same  concentration 
of  the  indicator  as  the  standard  buffer  mixtures,  at  the  time  the 
standard  tubes  are  made.  There  is  enough  COs  in  distilled  water  to 
turn  these  indicators  to  their  maximum  yellow  color,  yet  not  enou^ 
to  carry  them  near  their  secondary  color  range  (red  in  strong  acid). 
The  yellow  color  is  constant  over  a  very  wide  P.  range.  It  is  then 
only  necessary  to  determine  the  quantity  of  indicator  solution  neces- 
sary to  color  distilled  water  to  the  same  d^ree  of  yellow  as  the  sealed 
distilled-water  tube,  in  order  to  have  the  amount  necessary  to  put  in 
the  same  volume  of  sea-water  in  determining  the  Ph.  Even  without 
this  special  tube,  it  is  possible  to  determine  colorimetrically  (by 
repeated  trials)  the  amount  of  indicator  to  add  to  sea-water;  the  color  of 
each  standard  tube  is  the  resultant  of  two  colors  (red  and  yellow  or  blue 
and  yellow).  It  is  impossible  to  match  it  with  these  colors  in  any  other 
proportion,  no  matter  how  the  concentration  is  changed.  If  the  proper 
concentration  of  indicator  is  imknown,  it  may  be  foimd  by  repeated 
trials  to  match  the  color,  using  sea-water  of  any  P.  within  the  range  of 
the  tubes.  It  was  this  consideration  which  led  us  to  discard  ph^iol- 
phthalein  and  a-naphtholphthalein,  since  each  showed  only  one  color. 

NEW  APPARATUS  FOR  ELECTROMETRIC  DETERMINATION  OF 
HYDROGEN-ION  CONCENTRATION  AND  FOR  GAS  ANALYSIS. 

TECHNIQUE  OF  THE  EXPERIMENTS. 

The  hydrogen  electrodes  were  each  made  of  a  gold  disk  (later  covered 
with  a  thin  layer  of  palladium  black)  welded  to  a  platinimi  wire  sealed 
through  the  glass.  There  seems  to  be  only  one  way  to  do  this.  A  bit 
of  gold  is  wound  or  folded  over  the  end  of  the  platinum  wire  and  held 
in  the  flame  until  it  just  melts;  then  it  is  instantly  removed.  The 
congealed  gold  drop  is  then  hammered  on  to  the  edge  of  the  gold  disk. 
The  electrode  is  cleaned  by  filling  the  glass  parts  with  a  saturated 
solution  of  potassium  bichromate  in  concentrated  sulphiuic  acid 
(cleaning  fluid)  and  rinsed  thoroughly. 

The  palladizing  solution  is  made  by  dissolving  about  1  per  cent  of 
palladium  chloride  in  distilled  water  and  filtering.  No  reducing  agent, 
such  as  basic  lead  acetate,  is  necessary.  In  fact,  our  solutions  were 
weakened  by  spontaneous  reduction,  becoming  dark  with  colloidal 
palladium;  but  this  finally  settled  out,  by  further  reduction,  and  the 
necessity  of  refiltering  in  order  to  watch  the  palladization  was  avoided. 
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The  apparatus  was  filled  with  the  palladiuxn  solution,  a  platinum  wire 
was  inserted  for  an  anode,  and  a  current  of  4  volts  passed  until  the  gold 
became  black.  When  necessary  to  repalladize,  the  apparatus  was  left 
fun  of  nitric  add  over  night,  which  completely  removed  the  palladium; 
it  was  then  rinsed  and  the  process  was  repeated.  Palladium  black 
does  not  se^n  to  have  the  effective  life  of  platinum  black,  but  it  was 
neceflsary  to  use  it,  as  it  can  be  removed  without  destroying  the  glass 
parts  or  the  use  of  aqua  r^ia.  There  is  no  necessity  of  electrolysing 
H1SO4  in  a  hjrdrog^  electrode,  since  any  free  chlorine  is  removed  with 
the  anode  when  it  is  tak^i  out  unless  some  aqua  r^ia  has  been  f  onned 
in  it.    If  the  palladium  black  is  deposited  too  rapidly  it  will  not  stick. 

We  do  not  understand  why  a  freshly  palladized  electrode  bdiaves  in 
a  more  reliable  manner  than  one  which  has  soaked  in  distilled  wator 
for  many  days.  The  electrode  is  thoroughly  charged  with  hydrogen 
niien  palladized,  but  much  of  this  is  probably  lost  during  the  rinsing. 
Nitric  and,  to  a  smaller  extent,  other  mineral  adds  attack  palladium 
black  and  oxidizing  ag^its  probably  affect  it;  hence  we  never  cleaned 
palladized  electrodes  with  cleaning  fluid.  It  seems  probable  that  the 
alc(^ol  and  indicator  were  slowly  reduced  by  hydrogen  at  the  surface 
of  the  palladium  Uaek,  although  we  did  not  detect  any  decrease  in  the 
indicatcnr  concentration.  It  is  probable  that  most  of  the  alcohol  had 
been  removed  from  the  solution  by  the  current  of  gas  before  our  final 
readings  were  tak^i.  Such  suppositions  as  to  the  effect  of  alcohol 
wore  based  on  variations  of  the  potential  of  the  electrode,  and  it  is  wdl 
known  that  such  occur  whenever  free  oxygen  or  oxjrfaemof^obin,  that 
are  reduced  at  the  electrode,  are  present.  The  phenomenon  is  probably 
general,  the  ease  with  whidi  the  substance  is  reduced  probably  deter- 
mining merdy  the  rate  at  which  reduction  occurs.  Ev^i  with  a  small 
amount  of  free  oxsrgen  in  the  solution,  we  foimd  it  possible  to  obtain 
the  correct  result  by  tiltdng  the  apparatus  so  that  the  platinized  or 
palladized  disk  commimicated  with  the  main  mass  of  fluid  by  only  a 
thinfifan. 

The  oxygen  is  appar^itly  used  up  in  the  immediate  vicinity  of  the 
dectrode  in  a  relatively  short  time  and  the  proximity  to  a  large  store 
of  hydrogen  hastens  the  resaturation  of  the  dectrode.  But  because 
of  our  ignorance  of  some  of  the  factors  involved,  we  did  not  wish  to  rdy 
on  any  such  assumptions  in  this  set  of  experiments,  and  consequently 
we  made  about  half  of  the  determinations  soon  after  immerdon  and 
half  soon  af tar  removal  of  the  dectrode  by  tilting,  and  took  the  mean 
value.  In  some  cases  it  was  necessary  to  apply  corrections  for  pressure 
cl  CQs  and  Hs  whea  they  were  not  exactly  the  same  in  the  gas  and 
water  phases,  but  these  differences  never  exceeded  1  per  cent  of  the 
partial  pressure  of  the  gas.  We  were  very  much  impressed  with  the 
downees  with  which  equilibriiun  is  established  between  the  solution 
and  the  gas  above  it. 
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An  experiment  deeigned  to  illustrate  this  was  made  as  foUoi 
5  c.c.  of  sea-water  were  placed  in  the  hydrogen  electrode  and  a  strei 
of  pure  hydrogen  of  about  100  c.c.  per  minute  passed  throu^ 
About  15  minutes  were  required  for  saturaticm  of  the  water  wi 
hydrogen  (so  that  the  P.  was  the  same,  8.2,  as  with  stagnant  hydrogc 
but  with  the  electrode  raised  out  of  the  water),  and  this  time  and  '. 
minutes  more  were  counted  out  of  the  experiment.  The  water  no 
contained  0.2  c.c.  of  COs  in  the  form  of  carbonates  and  bicarbonate 
calculated  from  the  P.  of  8.3.  In  10  minutes,  with  the  passage  < 
1,000  c.c.  of  Hi  in  small  bubbles,  the  P.  rose  to  8.4,  indicating  tbs 
0.007  c.c.  of  COs  had  been  removed.  The  rate  of  removal  constant!; 
decreased  in  an  asymptotic  curve,  and  at  the  eaad  of  2  hours  a  P.  of  I 
was  reached,  indicating  that  a  total  of  0.05  c.c.  of  COs  had  beei 
removed.  During  the  next  10  minutes  the  Ph  rose  to  9.02,  indicatini 
the  further  loss  of  0.0014  c.c.  of  COs.  At  the  end  of  270  minutes  the 
Ph  had  reached  9.18  and  was  rising  at  the  rate  of  0.01  in  10  minutes, 
indicatiog  a  total  loss  of  0.0616  c.c.  and  a  final  rate  of  0.0007  c.c.  per 
10  minutes. 

There  was  still  enough  COs  i^  the  sea-water  to  convert  most  of 
the  excess  base  into  normal  carbonate.    This  shows  the  hopelessness 
of  reaching  equilibrium  at  very  low  COs  tensions,  and  we  seldom 
attempted  anything  lower  than  0.0002  atmosphere,  and  then  made 
tests  to  see  that  equilibrium  was  attained  within  the  limit  of  error  of 
measurement.    The  buffer  mixtures  were  intended  to  be  COrfree,  and 
similar  experiments  on  them  showed  that  if  traces  of  COi  were  in  them 
they  were  not  removed  by  hours  of  bubbling  hydrogen  through  them. 

We  know  of  no  attempts  to  determine  the  asymptote  or  limit  that  is 
approached  in  the  above  experiment.    If  it  is  an  NaOH  solution  that  is 
approached,  we  should  be  able  to  remove  any  traces  of  CQs  from  the 
buffer  mixture  (theoretically  with  ideal  apparatus).    The  weak  add 
in  the  buffer  should  help  displace  COs-    Perhaps  the  reason  we  could 
not  reach  a  higher  Ph  by  bubbling  Hs  through  the  buffer  mixture  was 
that  the  traces  of  CO2  were  not  sufficient  to  measurably  change  the 
Ph.    The  electrodes  for  comparing  the  colors  of  the  buffer  mixtures 
and  sea-water  of  the  same  Ph  were  made  of  the  same  bore  as  the  sealed 
tubes  and  so  that  they  could  be  placed  in  the  colorimeter  after  determin- 
ing the  Ph  electrometrically.    The  essential  form  of  these  is  shown  in 
figure  13.    There  are  no  ground  joints  or  rubber  connections  exposed 
to  the  air.    The  hydrogen  is  allowed  to  escape  through  the  trap  at  the 
top,  which  is  filled  with  some  of  the  same  solution  as  in  the  electrode. 
Electrolytic  connection  with  the  calomel  electrode  is  made  through  the 
ground  joint  at  the  bottom  submerged  in  an  intermediate  vessel  of 
saturated  KCl  solution. 

Some  of  the  electrometric  titrations  were  made  with  the  dipping 
electrode  shown  in  figure  14,  which  is  rinsed  with  the  solution  by 
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■llowing  the  solution  to  rise  in  it  by  gravity  and  blowing  it  out  with 
hydrogen.  It  is  moet  convenient  to  make  the  vessel  for  holding  the 
sea-water  with  a  ground  joint  at  the  bottom  for  electrolytic  connection. 
Select  a  glass-Btoppered  bottle,  whose  stopper  does  not  leak,  and  cut 
off  the  bottom.  Tlus  is  done  by  cutting  a  short  groove  with  a  file  or 
gtawH  knife,  and  holding  a  heated  rod  just  beyond  each  end  of  the  cut 
until  a  crack  is  started.  One  heated  rod  is  moved  over  the  line  chosen 
{<x  the  cut,  at  such  a  rate  that  the  crack  follows  the  rod.    If  metal  rods 


r 
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Fm.  13. — Hydrosaa  electjode  thtit  tan  b»  pkoed  in  Um  eotanm«t«T  tor  e&Iibntins  th«  oolorl* 
matrie  BMtbod  of  dBtwminiiis  tlw  Pa.  being  ol  the  leme  boie  ea  Uie  eeeled  ooloTimetrie  tube*. 
Tbe  ground  joiat  at  Uie  bottom  abould  not  be  greased,  m  it  ia  for  the  elecbolytio  eoonectiatt 
witb  the  salcMDel  deetrode  through  the  intefpoaitioii  ot  a  KCl  bath.  The  black  oirele  ii  a 
palladiMd  or  pIstiniMd  gold  disk  w^ded  to  a  plffimmi  wire  tiued  thtough  the  glaaa.  Tbe 
long  DtfTow  tuba  ii  (or  Uie  introduction  of  •  oontinuoiu  >ti«sni  of  hydrogen  which  eeospea  at 
tbe  top  through  a  trap  whieh  prevent*  Uw  backward  diffuaioD  of  air. 

Flo-  14. — Dipping  hydrogen  electrode  for  tltrationi.  Insert  a  drop  of  Hg  and  copper  wire  in  W, 
The  bulb  D  ii  inunwaed  in  the  fluid  in  an  inverted  glaaa-etoppered  bottle  with  the  bottom 
cut  off.  The  ground  joint  at  the  atopper  aervea  (or  electrolytic  oonneetion  with  the  KCl 
bath.  The  cock  C  a  turned  ao  that  the  bulb  D  GUa  by  gravity  with  the  fluid,  which 
drive*  out  the  hydrogen  at  the  trap  T.  Hydrogen  ia  allowed  to  bubble  through  again  and 
the  fluid  allowed  to  riae  until  it  just  touches  the  palladised  gold  disk  shown  ia  black,  when  the 
reading  is  taken.     (From  Jour.  Biol.  Chem.,  1016.  xxvni,  135.) 

Fio.  IS. — Hydrogen  electrode  for  COi-free  electrometiic  titrationa.  The  principle*  of  oonstruc- 
tioii  are  the  mme  as  in  figure  13,  except  that  the  trap  at  the  top  ia  made  to  admit  a  burett« 
tip,  and  can  be  sealed  with  a  drop  of  distilled  water  after  the  burette  tip  has  been  inserted  ao 
a*  to  leave  only  a  voy  narrow  opening. 

or  lai^  nails  can  not  be  obtained,  pieces  of  glass  heated  to  a  red  heat 
on  the  end  will  do.  After  removal  of  the  bottom  the  bottle  is  inverted 
and  immersed  to  the  neck  in  the  KCl  vessel.  In  making  the  titration, 
the  sea-water  is  pipetted  into  the  bottle  and  covered  with  a  paraffined 
cardboard  with  holes  for  the  electrode  and  burette  tip. 

A  more  convenient  form  of  titration  electrode  is  shown  in  figure  15. 
It  has  the  advantage  that  the  air  is  excluded  frran  the  whole  solution  by 
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lowering  the  burette  tip  far  enough  into  the  hole  in  the  top  to  seal  with 
a  water  seal.  Hydrogen  is  passed  through  for  about  15  minutes  before 
commencing  the  titration  and  is  continued  all  through  the  titraticmy 
escaping  through  the  water  seal,  which  should  be  replenished  with  a 
drop  of  distilled  water  in  case  it  is  blown  j^ 

out  by  the  hydrogen. 

The  most  difficult  problem  was  to  bring 
the  sea-water  in  the  hydrogen  electrode 
to  a  known  COs  tension.  Various  forms 
of  apparatus  for  treating  the  sea-water 
with  gas  mixtures  were  tried,  but  it  was 
found  that  a  very  long  time  was  required 
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Fio.  16. — ^Tonometer  eleetrodo  for  deter- 
mining the  Ph  of  Beft-water  at  a  pre- 
determined COi  tenaion.  A  mixture 
of  CX>t  and  Hs  is  bubbled  through  the 
eea-water  in  a  narrow  tube;  then  the 
stopooclcB  are  dosed  and  the  electrode 
inverted  so  that  the  sea-water  flows 
into  the  wide  portion,  which  is  of  the 
same  bore  as  the  colorimeter  tubes, 
so  that  the  hydrogen  electrode  deter- 
mination of  the  Ph  may  be  compared 
with  that  by  the  oolorimetric  method. 
The  stopcock  on  the  wide  end  of  the 
electrode  is  not  greased,  as  it  serves 
for  electrolytic  connection  with  the 
KClbath. 

Fio.  17. — Gasometer  for  mixing  COi  in 
ten-thousandth  parts  with  Hs  (atmos- 
pheric pressure  being  insured  by  the 
traps,  OO),  The  apparatus  holds  26 
pounds  of  Hg  and  hence  must  be 
bound  with  iron  wire  run  through 
boiling  sealing-wax  while  being  wound 
on  diagonally.  The  narrow  tube  is 
graduated  in  tenths  or  hundredths  of 
a  cubic  cttitimeter.  The  apparatus 
holds  1  liter  of  gas  when  the  mercury 
meniscus  is  at  Af .  The  proportions 
are  not  quite  correct  in  this  figure. 
It  is  best  to  have  the  apparatus  nar- 
rower and  so  that  M  may  be  marked 
on  the  cylindrical  part;  or  (as  we 
accomplished  in  one  apparatus)  Af 
may  be  at  the  lower  stopcock.  The 
lower  stopcock  is  connected  by  means 
of  a  piece  oi  pressure  rubber  tubing 
to  a  leveling  bulb  held  up  by  a  rope 
passing  through  pull^  attached  to 
the  ceiling. 


to  reach  equilibrium.  We  finally  devised  a  simple  apparatus  in  which 
equilibriiun  could  be  reached  in  30  minutes  or  less  (although  we  took 
more  time  to  make  sure  of  it  after  the  first  time  tests  were  msde) .  This 
tonometer  electrode  (fig.  16)  consists  of  a  tube  450  mm.  long  and  7  mm. 
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a  stopoook  at  one  end  and  the  other  endfused  to  a  short  tube  of 
exactly  24  nun.  bore,  containing  the  palladized  gold  disk  and  closed  with 
a  minute  ungreased  stopcock.  About  1 1  to  12  c.c.  of  sea-water  contain- 
ing the  indicator  were  sucked  up  into  it  and  it  was  damped  with  the 
anall  tube  downward  (which  then  contained  a  colimm  30  cm.  high  of 
sea-water).  The  mixture  of  CO2  and  H2  was  passed  in  at  the  bottom  in 
anall  bubbles,  and  the  flow  regulated  so  that  the  sea-water  did  not  rise 
into  the  large  tube.  The  gas  mixture  escaped  at  the  top  through  a 
trap  connected  to  the  stopcock  by  a  short  rubber  tube,  to  prevent  the 
ba<^ward  dififusion  of  air.  The  gas  pressure  of  th^  bubbles  varied  from 
the  barometer  reading  to  the  barometer  +  300  mm.  of  water,  the 
avarage  being  barometer  +  150  mm.  of  water  or  about  barometer  + 
11.5  mm.  of  mercury. 

We  tested  equilibrium  by  first  starting  with  sea-water  of  a  known 
lower  COs  tension  than  the  gas  mixture,  and  making  a  second  deter- 
mination on  sea-water  of  a  known  higher  COi  tension  than  the  gas 
mixture.  If  the  final  P.  was  the  same  in  both  cases  we  concluded  that 
equilibriiun  had  been  sufficiently  approximated,  but  in  all  later 
experiments  we  about  doubled  this  time. 

In  making  the  electrometric  reading  the  electrode  was  simply 
inverted  so  that  the  sea-water  ran  down  into  the  large  tube,  the 
ungreased  stopcock  immersed  in  the  KGl  bath,  and  a  platinum-tipped 
wire  hooked  into  the  platinum  loop  to  connect  to  the  potentiometer. 
If  the  reading  was  taken  with  the  disk  out  of  the  water,  the  Hs  and  COs 
partial  pressures  were  the  same  as  in  the  original  gas  mixture,  but  if 

the  disk  was  immersed,  11.5  was  added  to  the  H2  pressure  and  pTr-^J 

was  added  to  the  COs  pressure  in  making  the  calculations.  The 
pressures  were  always  corrected  for  vapor  tension  of  water  before  the 
final  calculations* 

The  gas  mixture  was  made  in  the  apparatus  shown  in  figure  17, 
holding  about  25  pounds  of  mercury.  This  consisted  of  a  liter  separa- 
tory  funnel  with  a  narrow  tube  and  3-way  cock  attached  at  the  top, 
and  wrapped  with  wire  passed  through  hot  sealing-wax  to  increase  its 
strength.  By  graduating  the  narrow  tube  in  tenths  of  a  cubic  centi- 
meter and  making  a  mark,  AT,  near  the  lower  end  of  the  separatory 
funnel  to  deiote  a  total  volume  of  a  liter,  it  was  possible  to  measure  the 
COs  in  parts  per  10,000.  The  COs  was  washed  with  NaHCOs  solu- 
tion and  the  Hs  with  HgCls  solution  and  again  in  HsO  in  wash  bottles 
shipped  like  p3iaiometers,  and  passed  through  traps  (0,  fig.  17)  to 
insure  atmoq[>heric  pressure.  The  apparatus  was  filled  with  merciuy  by 
raising  the  leveling  bulb  by  means  of  a  rope  pasang  through  a  pulley 
in  the  ceiling.  The  COs  apparatus  was  attached  to  the  3-way  cock  and 
the  air  was  washed  out  of  the  connections.  The  3-way  cock  was  now 
turned  as  in  figure  17,  so  that  COs  entered  the  narrow  tube  when  the 


54 


Papers  from  the  DepartmerU  of  Marine  Biology. 


leveling  bulb  was  lowered  and  the  lower  stopcock  of  the  s^a 
funnel  was  opened  cautioudy •  When  the  required  amount  of  C< 
admitted,  the  lower  cock  was  closed,  the  3-way  cock  reversed,  and 
apparatus  substituted.  The  COs  was  washed  out  of  the  ccmnectio 
the  3-way  stopcock  tiumed  as  in  figure  17  and  Hs  admitted  by  o] 
the  lower  stopcock.  The  operator  kept  his  hand  on  this  stopcocl 
the  filling  was  complete,  because  the  Hs  came  faster  at  first  than 
and  there  was  danger  of  the  mercury  leaving  the  separatory 
faster  than  the  Hs  was  supplied,  in  which  case  water  would  be  s 
in  from  the  tnq)  0.  It  was  necessary  to  allow  a  little  Hs  to  < 
continuously  through  the  trap  0,  as  a  matter  of  safety.    Wh< 


Fio.  18. — Hydrogen  electrode  for  determining  the  Ph  of  water  taken  directly 
from  the  Ma.  A  drop  of  water  it  placed  in  the  trap  <•  to  seal  it,  and  the 
electrode  b  filled  with  pure  hjrdrogen.  The  hole  in  the  3-way  code  is  filled 
with  sea-water  by  sucking  on  a  rubber  tube  attached  to  h  while  a  is 
immersed  in  the  water;  then  this  cock  is  reversed  and  the  suction  applied 
at  t  untn  the  sea-water  rises  to  the  mark  m,  when  all  cooks  are 
closed.  The  1.6  cc.  of  hydrogen  remaining  in  ttie  electrode  is  shaken 
with  the  10  cc.  of  sea-water  in  the  large  compartment  until  it  has  the 
same  COi  tension  as  the  sea-water,  when  it  is  passed  into  the  small 
compartment  by  opening  the  large  cock  c  (which  must  be  4  mm.  bore 
and  not  greased)  and  tapping  the  electrode.  D  is  opened  a  moment 
before  c  is  closed  to  reestablish  atmoephoic  pressure  and  the  electrode 
is  shaken  again  before  taking  the  reading.  Electrolytic  connection  is 
made  through  the  ungreased  cock  c  A  wire  is  hooked  in  p  to  connect 
with  the  potentiometer. 

mercury  meniscus  reached  the  lower  mark,  the  cocks  were  close 
the  apparatus  shaken,  the  remaining  mercury  stirring  and  mixii 
gas.  The  tonometer  electrode  was  now  attached,  the  leveling 
was  raised,  and  the  gas  mixture  was  passed  through  the  tall  colu 
sea-water  in  fine  bubbles,  which  was  accomplished  only  after  a  c 
adjustment  of  all  the  stopcocks. 

For  the  determination  of  the  Pg  of  sea-water  taken  directly  fro 
sea,  the  electrode  shown  in  figure  18  was  used.  It  was  first  fillec 
H2  and  then  sea-water  was  admitted  through  a  to  the  mark  m, 
washing  out  the  air  at  b.  The  Hs  was  shaken  with  10  cc.  of  sea- 
in  the  large  compartment;  then  by  tapping  the  apparatus  it  was  c 
to  enter  the  smaller  compartment  and  again  shaken.  In  this  wa 
loss  of  COi  by  the  second  portion  of  sea-water  was  minimized. 
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ungreased  stopcock  was  immersed  in  the  KCl  and  the  reading  was 
takeai  in  the  usual  manner. 

The  calomel  electrodes  were  made  from  mercury  redistilled  in 
Hulett's  still  (and  plated  on  platinum  so  as  to  be  portable),  KCl  was 
reoTstallized  many  times  in  quartz  beakers,  and  calomel  was  made 
by  the  electroljrtic  method  of  Lipscomb  and  Hulett.  The  0.1  n  KCl 
eakxnel  electrodes  were  made  at  20^  and  hence  have  a  very  slight 
error  at  10^  and  30^  due  to  volume  change  of  the  KCl  solution  in  them. 
The  KCl  was  weighed  with  standard  wei^ts  and  the  weighings  reduced 
to  vacuo.  A  saturated  KCl  calomel  electrode  was  often  used  as  an 
intermediate  on  account  of  its  lower  resistance,  but  each  time  was 
compared  against  the  0.1  n  electrode.    The  saturated  electrode  often 
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.  19. — CaiMllazy  electrometer  of  increaMd 
seDsttivi^.  The  large  bulb  is  indined 
toward  the  observer  by  bendinc  the  neck 
while  the  daas  is  soft,  so  that  the  eleo- 
trcmieter  will  lie  flat  on  the  stage  of  a 
mieroeoope.  It  is  attadied  in  this  posi- 
tion by  means  of  rubber  bands  and  the 
miorosoope  is  tilted  back  until  the  tube 
is  horisontal.  Wires  are  hooked  in  the 
little  rings,  which  are  platinum  loops 
fused  through  theglass.  The  dotted  reo> 
tangle  represents  a  covei^^bss  mounted 
on  the  capillary  with  Canada  hsliam. 
The  emnllary  must  be  the  smallest  ob- 
tainable and  of  thin  enough  walls  to 
admit  of  an  8  mm.  objective  and  z  20 
ocular  in  the  microscope.  A  few  specks 
of  dust  in  the  ocular  will  serve  to  locate 
the  sero-point,  and  a  micrometer  scale  is 
not 


varied  about  1  millivolt,  although  the  readings  were  never  taken  in  less 
than  3  hours  after  tiie  room  was  brought  to  constant  temperature, 
after  a  maximum  fluctuation  of  about  2  degrees. 

Two  special  potentiometers  made  by  Leeds  and  Northrup  were  used. 
One  was  standardized  by  the  Bureau  of  Standuds  and  the  other 
compared  with  it.  One  of  these  is  now  at  Tortugas  and  the  other  in 
Mimiei4>olis.  The  special  features  are  the  time-saving  arrangement 
and  key  which  automatically  short-circuits  the  capillary  electrometer 
idien  not  in  use. 

We  had  difiSculties  with  the  ordinary  forms  of  capillary  electrom- 
eters, but  found  the  slight  modification  shown  in  figure  19  satisfac- 
tory. It  was  always  necessary  to  make  sure  the  electrometer  was 
not  polarized  before  taking  a  reading.  The  soisitivity  was  made 
BuflSdent  by  using  the  smallest  capillary  tubing  obtainable  and  a 
microscope  of  very  high  power,  especially  in  the  ocular.  The  electrom- 
eter was  attached  to  the  stage  of  a  tilted-back  microscope  with  rubber 
bands.     If  polarized,  it  is  tilted  sidewise  until  a  drop  of  mercury 
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a.  30. — Table  ior  oanvBrson  of  millivolt  leadinsi  into  Ph  when  uaing  a  hytiroBem  eli 
MimeaMd  with  aO.lnKCl  calomel  electrode.  A  coTrectionror  thaoonoeDtrntion  of  hy 
t»t  muit  be  added  to  millivolt  reading  before  uring  tlie  tatJe.  The  large  fisurea  from 
denote  Pa,  the  Gsuree  from  338  to  960  denote  millivolts,  and  the  tmnpamtuze  Ui 
deflignated  at  the  bottom.  The  double  scale  at  the  top  ia  for  ooDveiwon  of  the  f  r&otiot 
of  Pk  into  the  disit*  uaed  in  the  decimal  system,  the  deoimal-point  being  determined 
iategral  part  of  the  P^-  We  see  no  advantajte  in  the  decimal  ayatem  ovtir  the  loKih: 
(Pa)  tyttmn  of  eiprwsiiig  H-ioa  ooncentratioii,  but  have  added  thi*  soal«  for  cxMnpoJ 
results  Depressed  in  the  two  systems.  In  the  uppw  double  scale  the  irrmr  hnailn 
teDtlMofaPHand  the  lower  scale  the  disita  of  the  decimal  system.  ThusPH  —S.?  is  ab 
same  quantity  at  H'oodc.  -0.2  X10-*.    Pk  7  was  miaplaoed. 
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CaDs  oat  oi  ttie  capillary.    A  cover-^ass  is  mounted  on  the  capillary 
with  balsam. 

Before  uang  the  conversion  table  for  converting  millivolts  into  P. 
a  slight  correction  given  in  the  following  table  was  added  to  the 
millivolt  reading,  on  accomit  of  tiie  rarefaction  of  the  hydrogen. 


Barom- 
el«r. 

W 

VXf 

30» 

Per  cent  ol  fasTdrogen. 

Per  cent  of  hydrogen. 

Per  cent  of  hydrogen. 

100 

99 

98 

95 

90 

100 

99 

08 

95 

90 

100 

99 

98 
1.9 

95 

90 

780 

0.1 

0.2 

0.8 

0.6 

1.8 

0.9 

1.0 

1.2 

1.6 

2.3 

1.7 

1.8 

2.3 

3.0 

770 

0.3 

0.4 

0.5 

0.8 

1.5 

1.1 

1.2 

1.4 

1.8 

2.5 

1.9 

2.0 

2.1 

2.5 

3.2 

760 

0.5 

0.6 

0.7 

1.0 

1.7 

1.3 

1.4 

1.6 

2.0 

2.7 

2.1 

2.2 

2.3 

2.7 

3.4 

760 

0.7 

0.8 

0.9 

1.2 

1.9 

1.5 

1.6 

1.8 

2.2 

2.9 

2.3 

2.4 

2.5 

2.9 

3.6 

740 

0.0 

1.0 

1.1 

1.4 

2.1 

1.7 

1.8 

2.0 

2.4 

3.1 

2.5 

2.6 

2.7 

3.1 

3.8 

730 

1.1 

1.2 

1.3 

1.6 

2.3 

1.9 

2.0 

2.2 

2.6 

3.3 

2.7 

2.8 

2.9 

3.3 

4.0 

The  above  table  is  calculated  on  tiie  hypotiiesis  that  the  potential 
of  tiie  hydrogen  electrode  in  a  normal  solution  of  H  ions  depends  on  the 
concentration  and  not  solely  on  the  pressure  of  the  hydrogen.  Hence 
the  value  of  the  hydrogen  electrode  against  the  0.1  n  KCl  calomel 
dectrode  is  not  337  millivolts  as  used  in  case  no  correction  for  hydrogen 
pressure  has  been  applied,  but  a  slightly  higher  value.  The  average 
of  the  determinations  listed  by  Clark  and  Lubs  for  temperatures  up  to 


Takie  for  converting  miUivoUs  into  Pa  at  10^. 

Pi 

+0.0 

+0.1 

+0.2 

+0.3 

+0.4 

+0.6 

+0.6 

+0.7 

+0.8 

+0.9 

8 

506.46 

512.1 

517.7 

523.3 

528.9 

534.5 

640.1 

545.7 

651.3 

656.9 

4 

562.6 

568.2 

573.8 

579.4 

585.0 

590.6 

596.2 

601.8 

607.4 

613.0 

6 

618.76 

624.4 

630.0 

635.6 

641.2 

646.8 

652.4 

658.0 

663.6 

669.2 

6 

674.90 

680.5 

686.1 

691.7 

697.3 

702.9 

708.6 

714.1 

719.7 

725.3 

7 

731.05 

736.7 

742.3 

747.9 

753.6 

769.1 

764.7 

770.3 

775.9 

781.6 

8 

787.20 

792.8 

796.4 

804.0 

809.6 

816.2 

820.8 

826.4 

832.0 

837.6 

9 

843.35 

849.0 

864.6 

860.2 

865.8 

871.4 

877.0 

882.6 

888.2 

893.8 

TakU  for  converting  miUivoits  into  Ph  at  SO^. 


P. 

+0.0 

+0.1 

+0.2 

+0.8 

+0.4 

+0.5 

+0.6 

+0.7 

+0.8 

+0.9 

3 

618.4 

624.4 

630.4 

636.4 

642.4 

548.4 

664.4 

660.4 

566.4 

675.4 

4 

678.6 

684.5 

690.6 

696.6 

602.6 

608.5 

614.6 

620.5 

626.5 

632.5 

6 

638.6 

644.6 

660.6 

656.6 

662.6 

668.6 

674.6 

680.6 

686.6 

692.6 

6 

608.7 

704.7 

710.7 

716.7 

722.7 

728.7 

734.7 

740.7 

746.7 

762.7 

7 

768.8 

763.8 

770.8 

776.8 

782.8 

788.8 

794.8 

800.8 

806.8 

812.8 

8 

818.9 

824.9 

830.9 

836.9 

842.9 

848.9 

854.9 

860.9 

866.9 

872.9 

9 

879 

886 

891 

897 

903 

909 

915 

921 

927 

933 
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40^  (which  is  the  highest  necessary  in  biological  work)  is  338.15, 
we  have  rounded  off  this  value  of  338  for  all  temperatures  betw^eei 
and40^ 

After  adding  the  cwrection  from  the  above  table,  the  roillii 
reading  was  converted  into  P^  by  the  conversion  table  in  figure 
which  was  cut  into  five  sections  to  save  space.    The  larger  ntunb 
(1-10)  denote  Ph,  the  numbers  338  to  950  denote 
millivolts,  and  the  vertical  lines  temperatures,  as 
indicated   below.    The  double    horizontal  scale 
above  is  for  converting  the  fractional  part  of  the 
P.  into  the  coefficient  used  in  expressing  the 
hydrogen-ion  concentration,  tenths  of  a  Ph  being 
denoted  by  the  arrows  above,  and  the  coefficient  by 
the  finely  divided  scale  below. 

The  table  at  10^,  near  bottom  of  page  57,  serves 
to  extend  the  range,  and  the  table  at  30°,  just  below, 
serves  as  a  guide  to  figure  20. 

In  choosing  the  size  of  the  apparatus  for  the 
analysis  of  the  total  CO2  in  the  sea-water,  it  was 
necessary  to  consider  the  fact  that  we  had  to 


FiQ.  21. — ^Van  Slyke  plasma  COi  apparatus  as  used  for  the  deter- 
mination of  the  total  CX)t.  Ott  and  Ns  of  sea-water.  The  absorp- 
tion pipette  P  may  be  omitted  and  a  simple  stopcock  used  on  the 
top.  A  piece  of  small-bored  suction  rubber  tubing,  80  cm.  long, 
is  attached  to  the  lower  end  of  the  apparatus,  and  connected  to 
aleveling-bulb  with  cylindrical  sides  that  is  held  up  by  means  of 
a  swivel  attachment  to  a  screw  passed  through  a  nut  held  in  a 
burette  damp  attached  to  a  tall  rod  support  for  the  whole  ap- 
paratus. The  essential  feature  of  the  apparatus  is  the  gradua- 
tion of  the  gas  burette  B  in  hundredths  of  a  cubic  centimeter,  so 
that  the  gas-volume  can  be  accurately  determined  with  the  ap- 
paratus in  the  uprii^t  position  and  an  upturned  water  meniscus 
below  the  gas.  The  graduations  should  go  at  least  half-way 
around  the  gas  burette  to  avoid  parallax  errors.  It  should  be  pos- 
sible to  estimate  thousandths  of  a  cubic  centimeter  by  means  of 
a  lens. 


bring  the  water  sample  to  a  known  COs  tension  before  the  analysis. 
We  found  it  impossible  to  make  more  than  a  liter  of  the  gas  mixture 
correctly.    We  made  gasometers  on  a  larger  scale,  but  they  were 
unsatisfactory.    It  was  also  impossible  to  bring  a  large  sample  of  sea- 
water  to  a  known  CO2  tension  with  only  1  liter  of  gas  mixture.  We 
finally  chose  the  micro-apparatus  used  by  Van  Slyke  in  detennining 
the  total  CO2  in  blood-plasma.    The  large  compartment  of  our  appa- 
ratus held  50  c.c,  but  we  would  recommend  its  increase  to  100  c.c. 
The  form  we  used  in  the  first  part  of  the  work  was  essentially  like 
figure  21,  but  later  we  cut  off  the  absorption  pipette  P,  and  absorbed 
the  CO2  by  miming  NaOH  solution  directly  into  the  gas  burette  B. 
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The  fdkming  deBeription  appliee  to  the  50  cc.  apparatus  without  the 
abeQrptkm  pqiette.  We  would  reeommend  the  subetitutimi  of  a  Bunple 
2-way  8tcq[>cock  for  the  one  at  tiie  top. 

The  appaiatus  was  clamped  upric^t  to  a  vertical  iron  rod  rising  6 
feet  from  the  floor,  and  a  hcmsontal  rod  was  placed  under  the  lower 
stopcock  to  prevent  it  slipping  out  of  the  clamp.  The  ordinary  clamps 
used  in  diemistry  were  used,  and  the  vertio&l  rod  supported  in  the 
middle  by  attadiing  it  to  tiie  edge  of  a  table  witii  a  staple,  and  at  the 
bottom  by  inserting  it  into  a  hole  in  a  board  nailed  to  the  floor.  A 
kvding  Indb  witii  cylindrical  sides  was  attached  by  means  of  soft- 
robber  suction  tubing  (1  mm.  bore  and  800  mm.  long)  to  the  lower 
end  of  the  i^ypamtus.  The  leveling  bulb  was  attached  by  means  of  a 
swivel  to  a  screw  (of  about  6  mm.  pitch)  and  passing  throu^  a  nut 
hdd  in  a  burette  clamp  on  tiie  rod.  Anotiier  burette  clamp  was 
attached  to  the  rod  about  800  mm.  lower  down,  and  tiie  nut  could  be 
dianged  from  one  clamp  to  the  other  in  a  few  seconds.  The  stopcocks 
were  greased  with  a  mixture  made  by  dissolving  pure  gum-rubber 
(containing  no  sulphur)  in  boiling  paraffin,  and  thinning  with  vaseline. 
This  prqiaration  was  satisfactory  at  10^  and  at  20^,  but  a  more  satis- 
factory prq>arati<m  at  30^  may  be  prepared  from  sapota-tree  sap. 

The  I4;>paratus  was  completely  filled  witii  mercury  and  exhausted 
once  by  dosing  tiie  upper  stopcock  and  lowering  the  levding  bulb,  in 
order  to  practically  free  it  from  air.  The  bulb  was  raised  again  and  the 
air-bubble  forced  out  of  the  top.  The  mercury  in  the  cup  C  was 
allowed  to  run  down  until  it  filled  only  the  capillary  neck .  The  leveling 
bulb  was  lowered  below  B  and  10  c.c.  of  sea-water  were  allowed  to  run 
quickly  from  the  tcmometer  electrode  into  tiie  cup  C,  and  then  quickly 
into  the  burette  B,  care  being  taken  that  tiie  capillary  neck  of  C 
remained  full  of  sea-water.  1  c.c.  of  2  n  HCl  {%.  e.,  add  with  about  the 
same  absorption  coeffident  for  the  elementary  gases  as  the  average 
sea-watw)  was  introduced  into  C  and  allowed  to  run  down  into  B. 
A  little  mercury  was  placed  in  C  and  some  of  it  was  allowed  to  run 
down  into  B,  so  that  tiie  hole  in  the  stopcock  was  filled  with  it  and 
dosed.  If  the  stopcock  had  two  holes,  as  in  the  figure,  the  other  hole 
and  connecting  tube  had  already  beai  filled  with  mercury  in  filling  tiie 
apparatus  with  mercury.  This  mercury  eff ectivdy  sealed  the  middle  of 
the  stopcock,  and  it  seldom  leaked,  especially  if  more  grease  was 
oneared  over  the  two  ends  of  the  stopcock.  The  stopcocks  were 
usually  greased  again  for  each  determination.  Air  getting  in  at  first 
makes  no  theoretical  difference,  but  leakage  may  ruin  the  determina- 
tkm  by  occurring  at  the  last. 

By  lowering  tiie  levding  bulb,  the  mercury  meniscus  was  brought  to 
the  50  c.c.  mark  (100  c.c.  in  fig.  21).  The  lower  cock  was  closed  and 
the  apparatus  removed  from  the  damp  and  hdd  with  tiie  l^t  hand  at 
the  attachment  of  tiie  rubber  tube  and  the  right  hand  at  tiie  upper  tip 
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of  the  cup  C,  and  shaken  violently  laterally  while  in  the  vertical  poflir 
tkm,  for  2  zninutes  exactly.    In  this  way  the  sea-watw  was  brought  into 
approximate  equilibrium  with  the  gas  pumped  out  <rf  it.    The  appara- 
tus was  clamped  again  and  the  lower  cock  turned  so  that  the  eea-watw 
passed  into  the  trap  T,  the  screw  being  adjusted  ao  that  the  water 
meniscus  was  brought  exactly  to  the  upper  entrance  to  the  hole  in  the 
lower  stopcock.    One  minute  was  allowed  for  the  sea-water  to  drain 
down;  then  the  lower  stopcock  was  reversed  and  the  levding  bulb 
raised  so  that  tlie  gas  in  the  gas  burette  B  was  brought  to  atmospheric 
pressure.    One  minute  was  allowed  for  the  moisture  cau^t  between  the 
glass  and  the  mercury  to  rise,  and  thea  the  sea-water  on  tc^  of  the 
mercury  was  carefully  measured  and  recorded.    It  should  be  about 
0.05  c.c.    The  leveling  bulb  was  ibea  raised  sufficiently  to  make  the 
mercury  meniscus  rise  half  the  height  of  the  water  column.    The  lower 
stopcock  was  closed  and  the  leveling  bulb  brought  back  to  the  same 
level  as  the  mercury  in  B. 

The  apparatus  was  now  removed  from  the  clamp  and  {daced  hori- 
zontally,  with  the  trap  T  upwards.  By  little  jerks  the  mercury  was 
forced  into  B,  thus  displacing  the  gas  and  water  into  the  wide  part  of 
the  apparatus.  It  was  shaken  in  this  position  1  minute,  and  returned 
to  the  clamp,  care  being  taken  that  no  water  worked  around  from  T 
and  rose  into  B  when  the  lower  cock  was  opened  again.  On  oi)enin( 
this  lower  cock,  the  mercury  meniscus  should  not  rise  or  fall  more  thai 
a  small  fraction  of  a  millimeter.  The  leveling  bulb  was  now  careful!; 
adjusted  with  the  screw  so  as  to  bring  its  meniscus  on  exactly  the  sam 
level  as  the  mercury  meniscus  in  the  burette  B.  This  is  not  at  first  a 
easy  matter,  but  may  be  assisted  by  placing  the  leveling  bulb  direct! 
behind  the  burette  and  placing  2  specks  of  dust  on  the  mercury  in  i 
so  that  it  IB  possible  to  bring  the  meniscus  in  B  and  the  two  specks  < 
dust  in  the  leveling  bulb  in  line. 

A  cylindrical  bulb  should  be  used,  as  a  pear-shaped  bulb  is  liable 
lead  to  error  from  refraction.  The  water  meniscus  is  now  carefu] 
read,  so  as  to  determine  the  total  gas  volume,  and  recorded.  It  ie 
great  advantage  to  have  the  graduations  on  B  run  at  least  half-w 
around  the  tube  so  as  to  avoid  parallax  errors,  as  an  error  of  0.001  c 
means  an  error  of  0.1  c.c.  COs  per  liter.  We  used  a  thermometer  U 
for  reading  the  meniscus.  About  0.5  c.c.  of  half-normal  COy-f 
NaOH  was  placed  in  C  and  allowed  to  run  down  into  B  a  little 
a  time  whUe  tapping  the  apparatus. 

Complete  absorption  of  COs  usually  took  place  in  about  5  xniuii 
at  20°  or  10°,  but  at  30°  the  vaseline  floated  out  of  the  stoi>oock:  gn 
and  over  the  surface  of  the  alkali,  and  it  sometimes  required  30  mim 
for  complete  absorption.  Half-normal  NaOH  has  about  tlie  » 
absorption  coefficient  for  the  elementary  gases  as  the  average 
wiater,  but  it  may  be  possible  to  use  a  stronger  solution  without  mal 
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gM^mbbles  rise  from  the  little  searwater  above  the  mercury.  We 
prefer  the  half-normal  solution^  however,  because  it  is  complete^ 
naitraliied  and  washed  out  at  the  end  of  an  experiment  by  the  sea- 
water  from  the  trap  T,  and  it  is  only  necessary  to  grease  the  stopcocks 
before  anottier  determination.  In  reading  the  gas-volume  after  ab- 
scHptioii  it  is  necessary  to  level  the  bulb,  reckoning  ^  of  the  NaOH 
ccdunm  as  mercury. 

The  calculation  of  the  results  are  a  little  complicated,  but  it  was 
impoBsible  to  make  a  conversion  table  possessing  great  accuracy.  We 
found  the  gas  burette  in  one  apparatus  correct  for  the  upturned 
meniscus,  but  it  was  therefore  incorrect  for  measuring  the  water 
between  the  upturned  and  downtumed  menisci.  A  small  correction 
in  cubic  millimeters  given  in  the  following  table  must  be  added  to  the 
vohmie  of  wat»  above  the  mercury  as  measured  by  the  scale  on  the  gas 
burette  B,  depending  on  the  total  length  of  this  scale  in  centimeters. 


Lencth 
of  1  eus. 

Cotreo- 
tion 

Length 
ol  1  ce. 

Correo- 
tion 

• 

Length 
of  1  ce. 

Correo- 

tion 

• 

Length 
of  1  e.c 

Conee- 
tion 

• 

Length 

of  1  C.O. 

Corieo- 
tion 

UkC*UUU. 

ino.mm. 

incmm. 

incmm. 

6 

34 

11 

11 

16 

8.4 

21 

6.7 

26 

6.6 

« 

17 

12 

103 

17 

8 

22 

0.4 

27 

6.4 

7 

16 

13 

9.7 

18 

7.6 

23 

6.2 

28 

6.3 

8 

13.6 

14 

9.2 

19 

7.3 

24 

6 

29 

6.1 

9 

12.6 

16 

8.7 

20 

7 

26 

6.8 

30 

6 

10 

11.7 

In  order  to  make  certain  corrections,  it  is  necessary  to  know  the 
absorption  coefficient  of  neutralized  sea-water  for  COs.  Since  the 
half-normal  HCl  added  to  the  sea-water  has  about  the  same  absorption 
co^cient  for  atmosphieric  gases  as  neutralist  sea-water,  we  assume 
that  it  does  not  seriously  affect  the  absorption  coefficient  of  the  sea- 
water  when  1  c.c.  is  added  to  10  c.c.  of  the  latter.  Bohr's  data  were 
plotted  for  this  purpose  on  the  assumption  that  the  absorption  coeffi- 
cient of  neutralized  sea-water  for  COs  is  the  same  as  that  of  NaCl 
solution  of  the  same  CI  content.  The  isotherms  form  characteristi- 
cally curved  lines,  but  in  the  small  portion  included  in  figure  22  the 
curvature  was  hardly  perceptible  and  was  later  obliterated  by  the  use 
of  a  straie^t-edge  in  inking-in  the  pencil  drawing. 

It  is  necessary  to  know  capillary  depression  of  the  mercury  in  B, 
idiich  is  easily  determined  by  opening  all  stopcocks  and  measuring  the 
vertical  distance  between  the  mercury  meniscus  in  B  and  the  plane  of 
the  mercury  surface  in  the  leveling  bulb.  A  mercurial  barometer  with 
l^ass  scale  is  preferable,  and  the  capillary  depression  must  be  sub- 
tracted from  the  reading. 

In  the  following  tablefbr  reducing  the  final  gas-volume  to  0^,  760  mm., 
and  drjrness,  the  temperature  correction  for  the  glass  scale  barometer 
is  included.     The  moist  gas-vohune  at  designated  temperature  and 
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pressure  is  multq>l]ed  by  the  correction  in  the  table.  Degrees  and 
fractions  of  a  degree  may  be  estimated,  because  1^  makes  about  as 
much  difference  in  the  correction  as  4  or  5  mm.  pressure. 


10*» 

20* 

30» 

730 

740 

750 

760 

730 

740 

760 

760 

730 

740 

760 

760 

0 

.9133 

.92(M) 

.9387 

.9513 

.8703 

.8825 

.8947 

.9009 

.8230 

.8350 

.8470 

.8690 

1 

.9146 

.9273 

.9400 

.9526 

.8715 

.8887 

.8969 

.9081 

.8242 

.8362 

.8482 

.8602 

2 

.9158 

.9285 

.9412 

.9538 

.8727 

.8849 

.8971 

.9093 

.8254 

.8374 

.8494 

.8614 

8 

.9171 

.9298 

.9425 

.9551 

.8740 

.8862 

.ovo4 

.9106 

.8266 

.8386 

.8606 

.8626 

4 

.9184 

.9311 

.9437 

.9563 

.8752 

.8874 

.8996 

.9118 

.8278 

.8398 

.8618 

.8638 

5 

.9197 

.9324 

.9450 

.9576 

.8764 

.8886 

.9008 

.9130 

.8290 

.8410 

.8530 

.8660 

6 

.9209 

.9336 

.9463 

.9589 

.8776 

.8898 

.9020 

.9142 

.8302 

.8422 

.8542 

.8662 

7 

.9222 

.9349 

.9475 

.9601 

.8788 

.8910 

.9032 

.9164 

.8314 

.8434 

.8564 

.8674 

8 

.9236 

.9362 

.9488 

.9614 

.8801 

.8923 

.9046 

.9167 

.8326 

.04.40 

.8666 

.8686 

0 

.9247 

.9374 

.9500 

.9626 

.8812 

.8935 

.9067 

.9179 

.8338 

.8468 

.8678 

.8698 

10 

.9639 

.9191 

.8710 

The  mode  of  calculation  is  periiaps  best  shown  by  the  following 
example:  The  analysis  was  made  on  10  c.c.  of  sea-water  of  CI = 19.375 
per  kilo,  and  the  room  was  20^,  so  the  absorption  coefficient  was  0.765. 
The  length  of  the  graduated  portion  of  tiie  burette  B  was  9  cm.,  so 
the  meniscus  correction  (Hg-HiO  and  HsO-gas)  was  0.0125  c.c.  and 
the  capillary  depression  3  mm.  The  barometw  minus  tiie  capillary 
depression  was  725  mm.  The  water  above  the  mercury  meniscus  was 
0.0565+0.0125^:0.069  c.c.  The  total  gas  (0.54)  minus  the  gas  after 
absorption  of  COs  (0.179)  equals  the  COs  (0.361  c.c.)  as  measured 
directly;  but  the  0.0i59  c.c.  of  water  was  in  equilibrium  with  a  gas,  a 
large  fraction  (0.669)  of  which  was  COs;  hence  the  COs  in  that  water 
was  0.069X0.669X0.765=0.353.  In  other  words,  the  COs  in  the 
water = its  volume  X  the  COs  fraction+the  absorption  coefficient. 

Practically  all  of  this  COs  was  pumped  out  and  then  reabsorbed; 
hence  tiie  amount  originally  pumped  out  was  0.361+0.0353=:  0.3963 
c.c,  and  this  amount  expanded  to  39  c.c.  was  in  equilibrium  with  11 
c.c.  of  water  at  the  end  of  the  first  shaking.    Hence  this  11  c.c.  finally 

trapped  oflf  in  T  contained  11  X-^^r—X0.765= 0.0856  c.c.  of  C0». 

0«7 

This  added  to  the  0.3963  c.c.  brings  the  total  up  to  0.4818  c.c,  and  this 
X0.8644= 0.4165  c.c.  per  10  c.c.  or  41.65  c.c.  per  liter  at  0""  and  760 
mm.  This  correction  of  0.8644  goes  outside  the  table,  but  the  table 
is  probably  extensive  enou^  for  most  determinations,  especially  at  a 
lower  altitude,  and  the  logarithm  of  the  corrections  for  a  more  extended 
range  may  be  found  in  the  Chemiker  Kalender  or  Landolt-Bdmstein. 
The  apparatus  was  tested  by  making  an  artificial  sea-watw  of 
neutral  salts,  distilled  water  that  had  just  been  boiled  15  minutes  in  a 
quarts  vessel  and  cooled  with  COrfree  air  passing  throu^  it,  and 
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aome  of  the  Na^Oi  used  in  Btand&rdizing  the  HGl,  and  weighed  with 
Btandardized  weights.  The  total  COi  as  calculated  and  found  in  this 
Bohition  differed  by  about  0.5  per  cent. 

TMe  used  a  Ampler  (titration)  method  for  determining  the  COi  in 
aea  water,  but  we  have  not  yet  had  time  to  compare  it  with  our 


Oroa  a  fm  kiliigi*B  of  iglutkiii 

tta.   33. — Coovarann  tebla  for  fiDdini  tha  ftbrarption  eooffioieDt  o(  aoidifiod  wtm  intrrr  (or 
00»   Thi*  Uble  wm*  talua  riom  Uie  oantar  of  a  gnyih  plotWd  from  Bobr'a  data  on  Um 
~'      a  of  dlatill«d  WBtar  and  ■olutioDB  of  NaCl  for  COi  on  the  aMumption 
~  '     '     '  or  and  adt  ntaiioD  of  tha  Muoa  Ct  Mntant  are  tha 

_ ,   .  .    __. ..  to oombine  with  tba CO^    Tho  «tior 

tkt  mar  bo  tha  iMolt  of  (Ui  aMomption  b  oapewarily  minute  and  IndsnUoant  eotnpand 
wHh  *mn  that  miijit  ariae  bom  rii^Ur  iDOoneet  tbetmomotan.  B««h  dlaarmal  b  foi 
"T«r«tit Mnpanture.  ThacramaofClpw Ulosnm  otiM^aletaieiDdloatadbdov  and 
M  of  CI  pw  Utw  ot  •aa-ml«r  at  aO>  aod  acain  at  30*  i«  indnatwl  aboreL 
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results.  We  could  not  use  it  in  these  experiments  on  account  of  the 
large  sample  required. 

The  oxygen  in  the  sea-water  may  be  detennined  on  the  same 
sample  after  the  COs,  by  absorbing  it  with  an  alkaline  soluti<m  of  pyro- 
gallol>  introduced  in  the  same  manner  as  the  NaOH  solution,  and  the 
nitrogen  +  otherinert  gases  may  be  determined  by  the  residue.  The 
whole  calculation  must  be  rq>eated  for  these  gases,  using  their  respec- 
tive  absorption  coeflEicients,  as  given  in  the  following  table,  calculated 
from  Fox's  data,  for  sea-water  of  CI = 20.  Fox  does  not  state  whether 
this  IB  CI  per  liter  or  per  kilogram. 

One  of  the  most  important  requirements  in  such  investigations  as 
are  described  in  this  paper  is  accurate  temperature  control.  All  of  the 
determinations  in  Minneapolis  were  made  in  a  laboratory  that  was 
converted  into  a  constant-temperature  room  by  cutting  off  the  steam 
heat  and  r^ulating  the  temperature  by  means  of  a  nichrome  wire 


Amount  absorbed 

Absorption  coeffi- 
cient of  sea-water 
of  a-20forNfl 
(+argon,  eto.). 

Amount  absorbed 

Absorption  ooeffi- 

(o.c)  by  1  liter  of 

by  1  liter  ol  ssi^ 

Degrees. 

oient  of  sea-water 
of  CI  -20  for  Os. 

sea-water  satu- 
rated with  air  at 

water  at  same 
temperature, 

same  temperature. 

shaken  with  air. 

0 

0.03825 

7.97 

0.0181 

14.81 

4 

.0346 

7.23 

.01675 

18.24 

8 

.03167 

6.62 

.0156 

12.34 

12 

.02028 

6.11 

.01463 

11.57 

10 

.02722 

5.09 

.01381 

10.92 

20 

.0254 

5.31 

.0181 

10.86 

24 

.02368 

4.05 

.01248 

9.87 

28 

.021 

4.62 

.01194 

9.44 

30 

.0213 

4.46 

.01168 

9.24 

stretched  through  the  air  in  front  of  an  electric  fan  and  carrying  1|600 
watts.  The  relay  controlling  the  heating  current  was  burned  by  arch- 
ing because  it  was  too  small  and  we  did  not  obtain  a  large  one  in  time. 
But  we  found  it  possible  to  control  the  temperature  to  0.1^  by  personal 
attention  to  a  sensitive  thermometer  (graduated  in  tenths  of  a  degree) 
placed  in  front  of  a  one-sixth  horse-power  electric  fan,  and  the  heating 
current  was  controlled  by  means  of  a  push-button. 

The  only  time  the  electric  heating  failed  to  be  sufficient  was  on  two 
successive  dasrs  when  we  were  required  to  finish  the  experiments  at  30^ 
although  the  outdoor  temperatiure  was  about  —30^  C.  It  was  then 
necessary  to  fill  the  space  between  the  windows  and  dark  curtains  vnih 
cotton  batting  and  to  turn  on  the  steam  heat.  The  radiator  was 
inclosed  in  a  paper  covering  and  a  hole  left  in  this  of  such  dze  that  the 
temperature  did  not  quite  reach  30^,  but  could  be  quickly  raised  to  30^ 
by  means  of  the  electric  regulation.  It  was  necessary  to  keq>  a  on^ 
sixth  horse-power  electric  fan  and  one  or  two  otiier  fans  blowing  on  the 
apparatus  all  the  time  in  order  to  keep  aU  pieces  of  apparatus  at 
the  same  temperature.    The  experiments  at  1&  were  postponed  until 
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tke  outside  temperature  f^  to  about  —30^  C.  The  experiments  at 
2ff  caused  little  worry  in  regard  to  temperature  regulation,  except  on 
some  days  when  the  outside  temperature  rose  to  about  10^.  Owing  to 
ccMMhiction  through  hoUow-tile  walls  from  rooms  at  about  23^,  it  was 
sometimes  necessary  to  leave  the  window  open  about  an  inch.  Great 
care  had  to  be  taken  then  to  equalize  tiie  temperature  in  different  parts 
of  the  room.  Several  thermometers  were  compared  witii  a  standard 
and  distributed  around  the  room,  one  or  two  being  placed  on  every  piece 
of  apparatus  in  order  to  detect  any  inequalities  in  temperature. 

Great  care  was  taken  to  prevent  temperature  changes  in  the  appa- 
ratus. When  necessary  to  handle  it,  this  was  done  very  gingerly,  with 
the  tq>6  of  tiie  fingers  on  the  extreme  ends.  Clamps  were  devised  for 
heading  tiie  apparatus  in  tiie  various  necessary  positions.  During  the 
nii^t  tiie  temperature  was  controlled  within  2^  of  that  in  the  day  by 
means  of  a  thermostat  connected  with  the  steam-heat  radiator. 

HISTORICAL  NOTES. 

IONIZATION  OF  SEA-WATER. 

Sea-water  is  a  very  complex  solution,  and  it  is  not  possible  to  calcu- 
late the  concentrations  of  the  different  ions  in  it  from  the  older  analyses. 
Since  many  of  these  ions  affect  the  Ph  and  tiie  COs  content,  it  might 
be  wortii  while  to  consider  some  general  facts  about  the  ionization.  The 
ffln4>lest  method  of  determining  the  ionization  of  a  dilute  solution  of 
known  concentration  is  by  measuring  the  freezing-point.  The  accom- 
panjring  table  shows  the  relation  of  freez- 
ing-point lowering  (A)  to  salinity  (S)  of 
sea-water  from  the  determinations  by 
BL  J.  Hansen  (KrOmmel,  i,  241).  The 
ratio  of  A  to  S  is  0.05424  at  S»30  and 
0.05492  at  S»=40,  which  mi^t  be  mter- 
preted  to  indicate  that  ionization  increases 
as  the  concentration  increases,  but  this  is 
only  an  apparent  paradox.  In  reality,  sea-water  is  a  concentrated 
solution,  and  it  is  generally  true  that  tiie  A  and  osmotic  pressure  of 
concentrated  solutions  increase  more  rapidly  than  tiie  concentration* 

Electric  conductivity  experiments  show  exactly  the  opposite  relation, 
figure  23,  plotted  ftom  the  data  of  Ruppin  (Ertkmmel,  i,  201),  shows 
that  the  conductivity  increases  less  rapidly  than  the  concentration, 
and  that  this  is  almost  equally  true  at  various  temperatures.  C<m« 
ductivity  data  must  be  considered  with  some  caution,  however,  since 
viseodty  influences  conductivity.  This  is  apparent  in  the  change  of 
ednductivity  with  temperature  shown  in  figure  24.  It  will  be  noticed 
that  oondoctivity  ci  sei^water  increases  very  rapidly  with  temperature^ 
tod  afanost  in  dbect  proportion  to  it.  The  conductivity  is  doubled  by 
a  rise  in  temperature  erf  30^,  and  it  is  very  hnprobable  that  ionisati^m 
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inereues  so  raiadly.  Rise  in  teonpenture  deGreues  the  viaeoaty  of 
water  and  in  this  way  maxaaeB  the  conductivity.  It  is  probable  that 
ionisation  is  increased  slowly  by  dilution  and  also  by  rise  in  tempaatore 
<tf  sea-water. 

THE  EXCESS  BASE  AND  THE  CO,  CONTENT  OF  SEA-WATER. 

TomOe  observed  that  sea-water  is  alkaline  to  litmus  or  roeolic  add. 
He  added  a  known  excess  of  normal  H^4  to  a  liter  of  sea-water, 
boiled  off  the  C0|— and  caiight  it  in  a  known  solution  of  Ba(OH)i  for 
detomining  Oie  total  COf— and  titrated  the  settrwater  back  witli  COr 

Con<hictivity=10*<A} 


0°         10'         80'  so- 

Fn.  !I3. — CoDvenion  table  tor  fijiHing  the  eleetrio  oondtw- 
tiri^  of  aek-w&tcr  in  hundradUie  of  reotpioeaJ  ohms 
from  the  Mtlinitj'  aod  tempentura,  bued  on  doMr- 
iniiuktioiii  by  RupiHii.  Enofa  ourve  u  tor  n  different 
temperature. 

free  alkali,  uang  phenolphthalein  as  indicator.  He  found  the  c 
base  to  be  24  (in  our  terminology)  as  a  mean  value  for  the  parts 
inveotigated  of  tiie  North  Atlantic.  In  titrating  with  phenolphthaldn, 
tjie  edlicates  and  part  of  the  borates  are  decomposed  (i. «.,  not  re-formed 
when  titrating  back),  but  part  of  the  borates  and  phosphates  act  as 
neutral  salts,  and  we  found  that  the  result  is  about  5  per  cent  lower 
than  with  our  method,  in  which  boric  and  a  small  amount  of  phosphoiio 
acid  do  not  affect  the  result.  On  tbe  other  hand,  the  reeulta  may  be  too 
hjgb  if  too  great  excess  of  acid  is  added  or  if  it  is  boiled  too  long,  since 
HGl  gas  is  liable  to  pass  out  with  t^e  steam.    It  makes  little  difference 
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wliattMr  HCl  or  H^Oi  was  added,  since  HCl  is  fonned  in  sea-water 
from  H^O*  by  dinodation  of  the  large  excess  of  chlorides. 

Dittautr  found  that  Uie  average  excess  base  of  sea-water  was  about 
26.  In  asample  oi  Irish  Channel  water  he  found  the  excess  base  to  be 
23  and  total  COi  49.7  c.e.  per  liter. 

TiNiiOe  found  tiiat  average  North  Atlantic  water  contained  49.07  o.e. 
irf  OOi  per  liter,  and  Petterson  found  that  tiie  mftTrirmim  of  all  of  his 
■unpke  ecmtuned  49.08  c.c.  of  COt  per  liter  (the  water  being  drawn 
frran  a  deptli  of  56  meters).  It  may  be  noticed  that  TomSe's  average 
is  about  the  maximum,  and  probably  the  great  majority  of  samples 
were  from  the  depths. 


Fia.  24. — Convenion  taU«  tor  Gndini  Um  el«ebia  ooaductivity  id 
taD-thoiUMuidtha  of  *■  racipnioal  ohm  from  the  lalinity  tatd 
taoipcraturs.    Each  carve  i<  Tor  a  differait  aallnity. 

The  samples  collected  by  the  ChaUenger  during  its  cruise  of  three 
and  a  half  years  were  boiled  by  Buchanan  and  the  COi  boiled  off  was 
cethnated;  then  they  were  kept  aeveral  years,  during  which  time  they 
probably  absorbed  some  COt  to  replace  part  of  that  lost;  then  the 
total  COi  they  contained  was  determined  by  Dittmar  and  added  to 
Buchanan's  figures.  Dole  found  about  45  c.c.  of  COt  per  liter  in  Tor- 
togas  scfr-water  by  a  titration  method. 

Dittmar  showed  that  there  is  an  average  of  0.44  per  cent  more  lime 
m  the  water  near  the  bottom  (due  to  solution  of  shells)  than  at  the 
satfaoe  of  tite  ssa,  iriuch  accounts  for  the  increase  in  excess  base  with 
depth.    The  tables  of  the  Danish  Ingolf  Expedition  show  the  following 
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yariatbns  in  excess  base  near  the  bottonn  South  of  Iceland  and  ^ast 
of  the  barrier  (Rykjanaes  Ryg)  excess  base  equals  26,  west  of  the 
barrier  it  equals  23.7 ^  and  in  Davis  Strait  it  equals  23.5,  the  salinity 
being  about  35  and  bearing  no  relation  to  excess  base.  The  surface- 
water  of  Davis  Strait  averaged  23.6  excess  base  and  34  salinity.  As  an 
exception  due  to  special  conditions,  Walter  and  Schirlitz  found  that  the 
excess  base  in  bottom-water  in  depressed  parts  of  the  Bay  of  Naples 
averaged  24,  whereas  the  surface-water  averaged  neaiiy  27.  Dole 
found  that  the  excess  base  in  Tortugas  water  (near  surface)  varied 
from  23.7  to  25.7.  Ruppin,  on  the  Poseidon  expedition,  found  that  ihe 
excess  base  averaged  25,  with  35  salinity. 

Since  the  excess  base  or  ^'alkalinity ''  of  sea-water  has  been  expressed 
in  various  ways,  the  following  conversion  factors  are  convenient  for 
converting  all  results  to  our  tenninology: 

Excess  base  —  0.8933  Xcc.  CO2  in  normal  carbonate. 

=  0.4545  Xmg.  CO2  in  normal  carbonate. 
—  0.588 Xmg.  OH  equivalent  to  acid  used  in  titration. 

The  total  COs  is  often  given  in  milligrams,  which  may  be  reduced  to 
cubic  centimeters  by  multiplying  by  0.509. 

CARBON-DIOXIDE  TENSION  OF  SEA-WATER. 

We  express  COs  tension  in  parts  per  10,000.  If  sea-water  is  bottled 
it  undergoes  some  fermentation  with  rise  in  CO2  tension,  imless  an 
antiseptic  is  added.  Krogh  supposed  that  the  addition  of  1  gram 
HgCls  per  liter  caused  the  COs  tension  to  rise  0.35.  Krogh  found  that 
the  COs  tension  of  sea-water  was  low,  except  where  it  was  diluted  with 
fresh  water  from  the  land.  Everywhere  it  increases  with  depth.  In 
the  Baltic  he  found  tensions  as  high  as  16  at  a  depth  of  95  meters  and 
salinity  of  1.3.  That  the  CO2  tension  of  the  sea-surface  is  not  in 
equilibrium  with  the  air  is  indicated  by  the  fact  that  Krogh  found  it 
to  vary  from  1.5  to  3  in  the  North  Atlantic.  These  differences  were 
apparently  partly  due  to  change  in  temperature,  since,  if  the  water 
samples  were  all  tested  at  12.5^,  the  tension  varied  only  from  2.05 
to  2.95.  Perhaps  this  water  came  from  a  uniform  source  (such  as  the 
Gulf  Stream)  with  \miform  tension,  and  the  change  in  temperature  on 
meeting  ice  and  air  currents  diversified  the  tension.  Since  the  COs 
tension  of  the  sea  near  the  Gulf  Stream  (at  Tortugas)  varied  from  3.3  to 
4.7  (calculated  from  the  PJ  and  Kro^  obtained  values  as  low  as  1.5 
in  t^e  North  Atlantic,  we  may  suppose  that  the  water  maint>ainfl  a 
relatively  constant  COs  content  as  it  flows  northward  and  the  lowered 
temperature  decreases  the  COs  tension.  This  supposition  is  supported 
by  tihe  fact  that  Palitzsch  found  that  the  Ph  is  relatively  constant,  and 
we  have  shown  that  the  P.  is  dependent  on  the  COs  content  and  not  on 
the  temperature.  If  sea-water  at  30^  has  4.5  COs  tension,  sunple  cooling 
to  0^  will  reduce  the  COs  tension  to  about  1.5. 


The  HydroQenr4on  Cancenbratianf  dc,  of  SeorWaUt.  09 

LITERATURE  LIST. 

Bavo.    Anm.  Sv.  Likaietidn.,  1916,  xm,  549. 

BnoDicry  F.  Q.    Ounflgie  Inst.  Wuh.  Pub.  No.  166, 1912. 

Boob,  C.    Ann.  der  Fhys.  u.  CSiem.,  1899,  oocnr  («N.  F.  Lzvin),  600. 

OHAMBmgJW,  T.  C.    Jour.  Qed.,  1899,  tii,  682. 

Clabss,  F.  W.    U.  S.  QeoL  Surviqr  BuH  616, 1916  (or  491, 1911). 

QLkMK^  W.  M.,  and  H.  A.  Litbs.    Jour.  BioL  Qiflm.,  1916,  zxr,  479. 

DmMAB,  W.    Chftllfigfr  Beports,  FhyaioB  and  QiflnuBtiy,  1884^  i  (pt.  1),  1. 

DoLi,  R.  B.    Ounegie  Inst.  Waah.  Pub.  No.  182, 1914,  69. 

Dbbw,  Q.  H.    Oarnflsie  Inst  Waah.  Pub.  No.  182, 1914,  7. 

ESujB,  J.  H.    Jour.  Amer.  Qiem.  Soc.,  1916,  xxxvm,  737. 

FoBBGHHAioaBB,  J.  Q.    Fhfl.  Trana.,  1866,  clt,  203. 

Fox,  C.  J.  J.    Trana.  Faraday  Soo.,  1909,  t,  68. 

Haib,  a.  R.    Science,  1916,  xuv,  105;  Jour.  BioL  Qiem.,  zxvi,  515. 

HABsnoH,  J.  B.,  and  J.  Whjuams.    Jour.  Amer.  Qiem.  Soc,  1896,  zdc,  1. 

HiMBAALCH.    Biocbem.  Zeit,  1913,  ttjt,  447. 

nsn»BBM>N,  L.  J.    Amer.  Jour.  Phjrsiol.,  1908,  ttt,  427. 

and  CoHN.    Proc  Nat.  Acad.  Sci.,  1916,  n,  618. 

KbdaIiL.    Jour.  Amer.  CSiem.  Soc.,  1916,  zxxvm,  1480. 

KHUDOBf .    Insolf  Expedition,  Hydrogn^^,  153. 

Kno^  A.    Meddddaer  om  Grtaland,  1904,  zxyi,  331,  407. 

KBtfiofSL,  O.    Handb.  Oceanognqihie,  Ldpeic,  1907,  i. 

LAMDOiJr-BOBWBTnnt^RoTH.    Phyaikaliadt^^hfffniiwhft  Tabdlen,  Beriin,  1912. 

LaGBWDBB,  R.    Oompi.  rend.  AomL,  1906,  ozLzn,  526. 

Lmrr,  M.    Ann.  ofaim.  i^iya.,  1852,  xxxiy,  5.  

Ldb8»  H.  a.,  and  S.  F.  Acsn.    Jour.  Amer.  Qiem.  Soo.,  1916,  xxxvm,  2772. 
and  W.  M.  Olmssl.    Joar.  Waah.  Acad.  ScL,  1915,  y,  609;  1916,  ti,  481. 


liARBBWB,  D.  J.    Jour.  Marine  Bid.  Aaan.,  1916,  xi,  122. 
Matsb,  a.  Q.    Am.  Jour.  FbjmoL,  1916,  mii,  375. 
MoCtniDOir,  J.  F.    Jour.  Bid.  Qiem.,  1916,  xzym,  135. 

and  C.  A.  Maooon.    Jour.  BioL  Qiem.,  1916,  zxr,  660,  (fig.  1). 

and  P.  H.  Mrghell.    Jour.  BioL  Qiem.,  1912,  x,  459. 

UoMB,  Q.  R.    Jour.  Marine  BioL  Aaan.,  1911,  ix,  171. 

MuBBAT,  J.,  and  J.  Hiobt.    The  Deptha  ci  the  Ocean,  London,  1912. 

OmrALD,  W.,  and  R.  Ldthdl    Phya.  chem.  Meaaungen,  3d  edition,  Leipaifl^  1910, 488, 465. 

PALimcH,  S.    Biodiem.  Z^  1911,  xxxyn,  116. 

,    Conqpioa'lendna  dea  travaux  du  Lab.  de  Cariaberg,  1916,  xi,  199. 

PRnB80ir,0.    Scottkh  Geog.  Mag.,  1894,  300,  526,  625. 

PouosT,  L,  and  D.  Chouchax.    BuIL  Soc  Qiim.  (4),  1909,  t,  104;  1911,  ix,  649. 

Rabsk,  £.    Wiaaenaoh.  Meereaunteraudiungen  Eider  Einnm.,  1905,  Tin,  81,  99,  277; 

1910,  XI,  111,  303,  305. 
RooirAXD.    Pettermann'a  Mitteihmgen,  1900, 350. 

Rupmr,  E.    Wiaaenaoh.  Meereaunteraudumgen  Kieler  Eomm.,  1910,  xi,  277. 
StemsBif,  S.  P.  L.    Ergeb.  PhyaioL,  1912,  xn,  393. 
ToLMAH,  C.  F.,  Jr.    Jour.  QeoL,  1899,  tii,  585. 

TomKOBf  H.    Norwegian  North  Atlantic  Kii>edftioin,  1876-78;  Chemiatiy,  n. 
Tbos,  R.  H.    Science,  1915,  xui,  732. 
VmJkTCBf  J.  A.    Proc.  OaL  Acad.  ScL,  1859  (aer.  1),  n,  7. 
Waiasb  and  ScHiBLin.    Z.  dentaeh.  geoL  QeaelL,  1886,  xxxrm,  331. 


III. 


VARIABIUTY  OF  EGGS  AND  SPERM  OF  SEA-URCHINS. 

BY  A.  J.  OOLDFARB. 

Of  the  Ctltf*  «f  At  Oly  ol  N«r  Ywk. 


71 


VARUBILITY  OF  EGGS  AND  SPERM  OF  SEA-URCHINS. 


Bt  a.  J.  GOLDPARB. 


INTRODUCTION. 

A  clear  understanding  of  the  variability  in  normal  fresh  eggp  and 
Bpenn  is  necessary  in  order  to  appreciate  and  to  evaluate  the  changes 
that  take  place  in  overripe  germ-cells.  This  paper  will  deal  exclusively 
with  the  qualitative  and  quantitative  differences  of  such  freshly  col- 
lected sea^irchin  ^gs  and  sperm  and  with  the  differences  in  their  early 
development;  it  will  also  furnish  a  basis  for  the  consideration  of  the 
chemiGal  and  physical  changes  in  aging  or  overripe  germ-cells  in  later 
studies. 

To  the  directors  of  the  laboratories  at  Woods  Hole  and  Tortugas  I 
wish  to  extend  my  thanks  for  affording  me  the  opportunity  to  carry  on 
these  researches. 

TECHNIQUE. 

Three  different  sea-urchins  were  used,  Toxopneiiatea  and  Hipponoe 
at  Dry  Tortugas  and  Arhacia  at  Woods  Hole. 

The  technique  is  a  modification  of  lillie's.  As  soon  as  possible 
after  the  urchins  were  collected,  the  ^gs  were  removed,  either  by 
faiverting  each  washed  and  partly  dried  individual  or  by  removing  the 
ovaries  into  separate  dishes.  The  ^gs  were  washed  two  or  three  times, 
allowed  to  settle  by  gravity  in  graduates,  and  finally  enough  fresh  sea- 
water  was  added  to  make  a  given  concentration.  The  dry  sperm  was 
collected  from  each  individual  separately.  From  this  sperm  any 
required  concentration  was  made  immediately  before  fertilizing  the 
eggs.  The  time  required  to  make  the  different  suspensions  varied  from 
30  minutes  to  2  hours. 

In  a  typical  experiment  5  drops  of  a  standard  egg  suspension  was 
added  to  10  c.c.  of  fiiltered  sea-water  and  fertilized  with  1  drop  (0.05  c.c.) 
of  standard  sperm  suspension. 

The  following  characters  were  studied  in  some  detail:  (1)  Size  of 
^;g8.  (2)  Shape  of  eggp.  (3)  Number  of  eggs  with  and  without  jelly 
layer.  (4)  Rate  of  membrane  formation.  (5)  Number  and  rate  of 
cleaving  eggs. 

The  first  three  are  matters  of  direct  observation;  the  last  two  require 
a  w(»d  of  explanation*  for  I  have  found  that  such  matters  of  detail  are 

73 


74  Papers  from  the  Department  of  Marine  Biology. 

rignificant  in  these  studiefi.  The  eggs  were  shaken  and  several  fields 
were  counted,  totalmg  100  to  200  or  more  eggs*  At  least  two  counts 
were  made,  the  first  when  most  of  the  egga  were  in  the  2-cell  stage — i.  e. , 
1  hour — and  the  second  when  most  ^;gs  were  in  the  4-  or  8-cell  stage — 
t.  e.,  2  hours.  Preliminary  experiments  showed  that  there  was  little  or 
no  increase  in  total  cleavage  after  the  second  hour  in  Toxopneuetes 
and  Arbacia.  Therefore  the  niunber  of  eggs  that  had  cleaved  in  2 
hours  was  taken  as  the  maximum.  In  many  instances  a  count  was 
made  40  minutes  after  fertilization,  when  the  eggs  first  began  to  cleave. 
These  three  counts  afforded  the  bases  for  computing  the  rate  of  early 
cleavage  and  the  total  cleavage,  and  also  served  as  a  check  upon  a 
possible  error  in  the  previous  count. 

Most  of  the  experiments  are  referred  to  by  date.  Thus  7/5  means 
that  the  experiment  was  made  on  July  5,  1916. 

CONCENTRATION  OF  THE  GERM-CELLS. 

It  was  important  to  determine  not  only  whether  differences  in  con- 
centration of  the  germ-cells  made  for  differences  in  membrane  forma- 
fion,  in  cleavage^  etc.,  but  also  to  deteimine  what  concentration  gave 
optimimi  results  for  each  species  of  sea-iux;hin.  This  was  done  in  the 
following  preliminary  experiments  which  consisted  in  varying  the  quan- 
tity (1)  of  eggs  of  a  given  female,  (2)  of  sperm,  and  (3)  of  sea-water. 
Tables  1  and  2  give  the  results  of  a  few  such  experiments,  with  so-called 
**good''  and  "poor''  eggs. 

TOXOPNEUSTES. 

With  the  volmne  of  sea-water  and  the  concentration  of  sperm  con* 
stant,  and  with  increasing  numbers  of  eggs,  a  concentration  was  finally 
reached  in  which  the  rate  of  membrane  formation,  rate  of  cleavage,  and 
total  cleavage  was  considerably  reduced. 

In  experiment  7/5  this  injurious  concentration  was  1,084  eggs  in 
10  c.c.  of  sea-water  in  a  Syracuse  dish;  8,800  ^gs  in  7/8a;  9,120  eggs  in 
7/7a;  21,920  eggs  m  7/13a;  38,400  eggs  in  7/9a. 

In  a  few  experiments  the  injury  was  overcome  in  part  by  increasing 
the  volmne  of  sea-water  4  to  80  times;  in  most  experiments  the  injury 
was  not  overcome  in  this  manner.    (See  7/7b,  7/8b,  7/13c,  7/9b.) 

The  decreased  cleavage  was  due  in  part  to  insufficiency  of  sp^rm. 
The  experiments  to  test  this  are  in  entire  accord  with  those  of  lillie. 
An  increase  of  sperm  increased  cleavage  300  to  800  per  cent.  (See 
7/8c,  7/9c,  7/13  d  and  e.)  A  decrease  of  sperm  with  low  concentration 
of  eggs  did  not  affect  the  total  cleavage.    (See  7/13b.) 

The  lowered  cleavage  in  high  concentration  of  eggs  was  largely  due 
to  asphyxiation;  this  was  evident  in  the  experiments  in  which  the  high 
concentrations  of  eggs  were  gently  shaken  and  the  cleavage  jumped 
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Tablb  1. — rooopneiatof.    VariaHon  <tf  it^fonkrone  formaJbUm  and  deaoage  cauM  by  inataavng  ihi 

concentration  of  eggs  and  sperm. 


No. 

Again 
hoora. 

Is 

CSeavage. 

Volume  of  m»- 
water. 

No.  of  egga  per 
drop. 

Experi- 
ment 
No. 

Age  in 
hours. 

h 

Cleavage. 

Volume  of  sea- 
water. 

1 

ll 

1 

F. 

M. 

Time. 

P.et 

F. 

M. 

Time. 

P.ct. 

num* 

ex. 

ftltH, 

mtfi. 

ex. 

7/*  A 

4 

1 

1 

84 

64 

10 

17 

7/13  B 

2 

2 

120 

92 

6 

137 

2 

84 

68 

10 

17 

120 

92 

10 

137 

4 

84 

n 

10 

17 

120 

95 

20 

137 

8 

84 

66 

10 

17 

120 

98 

40 

137 

16 

84 

60 

10 

17 

120 

97 

80 

137 

32 

84 

64 

10 

17 

120 
120 

91 

97 

160 
320 

137 
137 

7/5  B 

5 

11 

1 

16 

82 

64 

128 

140 
140 
140 
140 
140 

76 

n 

75 
54 

46 

10 
10 
10 
10 
10 

17 
17 
17 
17 
17 

2 
2 
2 

7/13  C 

1 

40 

80 

160 

120 
120 
120 
120 

81 
87 
91 

n 

6 
200 
400 
960 

137 
137 
137 
137 

266 

140 

28 

10 

17 

6 

7/13  D 

1 
320 

120 
120 

196 
96 

6 
6 

•187 
•137 

7I7A 

31 

21 

1 

166 

66 

10 

67 

640 

120 

94 

6 

•137 

20 

40 

80 

160 

820 

166 
166 
166 
166 
166 

85 
96 

96 
85 

46 

10 
10 
10 
10 
10 

67 
67 
67 
67 
67 

7/13  B 

3 

3 

80 

160 

320 

640 

1280 

120 
120 
120 
120 
120 

98 
99 
85 

29 
8 

6 
6 
6 
6 
6 

•137 
•137 
•137 
•137 
»137 

7/7  B 

S 

2 

40 

166 

96 

20 

W 

7/13  P 

4 

4 

26 

120 

46 

6 

•137 

80 

166 

64 

40 

67 

1600 

120 

7 

6 

•137 

160 
820 

166 
166 

56 

12 

80 
160 

67 
67 

7/14  A 

1 

1 

1 
160 

120 
120 

160 
95 

•10 
•10 

7/SA 

2 

2 

1 

120 

87 

10 

«110 

320 
640 

120 
120 

95 

99 

•10 
•10 

40 
80 

120 
120 

54 

38 

10 
10 

mo 
nio 

1280 

120 

86 

•10 

160 

120 

26 

10 

>110 

7/14  B 

1 

120 

169 

•10 

320 

120 

18 

10 

>110 

160 

120 

199 

•10 

640 

120 

7 

10 

*110 

320 
640 

120 
120 

95 
95 

•10 
•10 

7/8  B 

160 

120 

26 

40 

110 

1280 

120 

56 

•10 

820 
640 

120 
120 

5 

7 

80 
160 

110 
110 

7/14  C 

1 
160 

120 
120 

199 
95 

'•lO 
"10 

7IBC 

160 

120 

26 

40 

•110 

320 
640 

120 
120 

95 
95 

»«10 
"10 

320 

120 

44 

80 

mo 

1280 

120 

99 

»»10 

7/lSA 

2 

2 

1 

120 

98 

10 

137 

7/14  D 

1 

120 

199 

"10 

40 

120 

98 

10 

137 

160 

120 

95 

"10 

80 

120 

96 

10 

137 

320 

120 

95 

"10 

160 

120 

94 

10 

137 

640 

120 

95 

"10 

320 

120 

88 

10 

137 

1280 

120 

99 

"10 

640 

120 

58 

10 

137 

>  Area  of  didies  same  as  abore. 

•TIm  per  asBt  cUaraga  at  120  minutes  indudes  only  normally  oleaving  eggs.    Hence  the  lower  figures. 

•Used  2  drops  oi  sperm  suspension.  HJsed  4  drops  of  m>erm  suspension. 

*Ussd  1  drop  oi  sperm  suspension.  •Used  3  drops  of  sperm  suspension. 

Wwad  6  drops  ol  sperm  suspension.  •Shaken  gently  and  frequently. 

•fffa  drops  of  aoltore  removed  to  10  cc.  of  sea«water,  16  minutes  after  fertilisation. 

80  minutes  after  fertilisation.  '^Same  removed  46  minutes  after  fertilisation. 
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bom  0  or  1  per  cent  to  80  per  cent.  In  other  experiments  when  a  few 
diope  of  higjily  concentrated  suspension  w&e  removed  to  10  c.c  oi  sea- 
water,  almost  maximal  cleavage  occurred  15, 30,  and  45  minutes  after 
f ertifijsation.    ( See  7/14,  b,  c,  d.) 

In  Taxapneiutee,  ther^ore,  c^timum  results  were  obtained  when  the 
egg  concentration  was  below  8,000  in  10  c.c.  of  sea-water  in  a  ^ntumse 
dish  and  when  fertilised  by  1  drop  of  standard  0.05  per  cent  sperm 
suq)ension.  In  actual  experimentation  about  one-tenth  of  this 
concentration  of  eggs  was  used,  and  in  all  experiments  the  sea-watw 
was  doubly  filtered  and  stored  in  large  quantities,  to  insure  greater 
uniformity  and  to  guard  against  evaporation. 


HIPPONOE. 

In  Hippanoe  the  results  were  essentially  shnilar,  except  that  to 
obtain  optimum  results  much  greater  concentration  of  sperm  was 
necessaiy  with  a  given  concentration  of  eggp.  In  eq)eriment  6/16 
1  drop  of  3  times  standard  sperm  suspension  f ertifiaed  only  3  per 

Tablb  2. — Hijfponoe  and  Arhaeia.    VariaHan  in  deamnQe  ooiwed  fry  inonamng  eonoeninaUm 

c/  CQQM  and  Bptrtn. 


Hipponoe. 

Arbaoia. 

Ezperi- 

meoi 

No. 

Concentra- 
tion in  drops. 

Cleavage. 

Volume 
of 
sea- 
water. 

Experi- 
ment 
No. 

Concentra- 
tion in  diopa. 

Cleavace* 

VokinM 
of 

water. 

Ecgs. 

Sperm. 

Time. 

P.  ct. 

E80i. 

Sperm. 

Time. 

P.  ct. 

6/16 
6/17 
6/18 

>1 
>2 
»4 
»8 
46 

»2 

»8 
46 

o 
(*) 

o 

min, 
120 
120 
120 
120 
120 

180 
180 
180 
180 
180 

180 
180 
180 
180 
180 
180 

5 

14 
14 

25 
46 

1 
14 

4S 
€2 
75 

85 
96 
78 
27 
1 
1 

c.c. 
5 
6 
5 
5 
5 

5 
6 
5 
5 
5 

5 
5 
5 
5 
6 
5 

7/28  A 

7/28  B 
8/9 

n 

I 

Vi 
Vi 

■ill 

'A 

>i 
'A 

mtn. 
120 
120 
120 
120 
120 
120 
120 

120 
120 

120 
120 

8S 
75 
•6 

C7 
47 
35 

f 

8S 

46 

45 

f 

ce. 
5 
6 
5 
6 
5 
5 
6 

6 
6 

5 
5 

Standard  sperm  suspension. 

*1  drop  dry  sperm  in    2  o.o.  of  sea^wato*.  Used  8  drops  of 

'1  drop  dry  q;>erm  in   4  c.c.  of  sea-water.  Used  3  drops  of 

*1  drop  dry  sperm  in    8  o.c.  ci  sea-water.  Used  3  drops  of 

*1  drop  dry  spenn  in  16  o.c.  oi  sea-water.  Used  3  drops  of 

*1  drop  diy  sperm  in  32  c.c.  of  sea-wato*.  Used  3  drops  of 

^1  drop  dry  tpmm  in  64  c.c.  of  sea-water.  Used  3  drops  of 


this  culttve 
this  culture 
this  culture 
this  culture 
this  culture 
this  otilture 


for  fertiUiation. 
for  fertiliiation. 
for  fertiHiation. 
for  fertiliiatkm. 
for  fertilisation, 
for  fertilisation. 
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cent  of  the  ^gs,  2  drops  only  14  per  cent,  8  drops  20  per  cent,  and  16 
drops  46  per  cent.  The  increase  was  roughly  proportional  to  the 
increase  in  sperm.  In  6/17b  1  drop  of  standard  sperm  suspension 
gave  only  I  per  cent  cleavage,  16  drops  caused  75  per  cent  to  cleave. 
In  6/17a  maximum  cleavage  occurred  with  8  drops  of  sperm  sufipen- 
sion;  16  drops  of  the  same  suspension  made  the  solution  milky.  The 
matter  was  tested  in  other  ways.  All  observations  pointed  to  the 
eondusion  that  15  to  80  times  as  much  sperm  was  required  to  produce 
optimum  results  in  Hippanoe  as  in  Toxopnewtes. 

ARBACIA. 

F.  II.  lillie's  careful  researches  with  Arbacia  have  made  known  the 
optimum  concentrations  for  this  species.  My  observations  corroborate 
hJ8  in  ev^y  detail.  Having  ascertained  the  optimum  conditions  of 
concentration  for  a  given  surface  and  volmne  of  sea-water,  for  each 
Bpedes  of  egg,  I  then  undertook  the  study  of  Uieir  normal  variability, 
\diich  will  be  considered  under  the  following  headings:  size  and  shape; 
jelly  layer;  membrane  formation;  cleavage. 

VARIATION  IN  SIZE  AND  SHAPE  OF  EGCS. 

In  a  sample  lot,  eggs  were  measured  consecutively  with  an  eye-piece 
micrometer  (1/3  eye-piece,  1/6  objective) ;  much  care  was  exercised  to 
avoid  changes  in  size  from  pressure  of  cover-glass  and  to  avoid  errors 
due  to  poor  focusing.  The  readings  give  relative  values  only.  Re* 
peated  measurements  gave  so  nearly  the  same  readings  that  the  small 
number  of  eggs  dted  in  the  table  may  be  taken  as  a  very  close  approxi- 
mation to  the  actual  situation. 

Table  3  shows  the  extent  of  variation  in  sise  in  the  ^;g8  of  Hippanoe. 
It  diowB  the  considerable  variation  in  the  maximum,  minimum,  and 
modal  sixe  of  batches  of  eggs  from  different  females  collected  at  the 
same  time.  The  variation,  often  as  great  as  in  females  collected  at 
different  times,  is  a  reenilt  either  of  a  general  enlargement  or  less 
frequently  of  a  shrinkage  from  the  norm  of  the  species.  Such  change 
in  sixe  indicates  so-called  ''poor''  eggs  and  is  correlated  with  other 
evidences  of  poor  physiological  condition. 

Similar  reimlts  were  obtained  with  Arbacia  eggs,  though  the  maxi- 
mum mode  and  minimum  are  different. 

SHAPE  OF  EGGS. 

I  have  no  actual  counts  of  the  variation  in  the  shape  of  the  ^gg. 
Most  fresh  eggs  are  globular,  though  not  infrequently  a  considerable 
number  oi  the  eggs  are  distinctly  elliptical,  in  rare  instances  angular. 
While  I  have  no  records  of  the  niunerical  relation  of  these  three  types 
of  eggs,  which  intergrade,  yet  ihe  presence  of  these  three  groups  and 
the  considerable  variation  in  different  females  is  undoubted. 
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VARIATIONS  IN  JELLY  LAYER. 

With  Indiarink  solutions  as  used  by  F.  Lillie,  the  jelly  layer  surround- 
ing the  egg  is  rendered  distinctly  visible  and  the  eggs  with  the  thidc 
jelly  coating  may  be  readily  distinguished  from  those  with  either  very 
thin  coats  of  jelly  or  no  jelly.  Table  3  gives  the  percentage  of 
with  jelly  envelope  for  each  female.  Counts  of  not  less  than  100 
were  made.  The  number  of  eggs  with  jelly  layers  is  usually  very  large: 
8  out  of  14  females  had  over  90  per  cent  with  jelly  layers;  in  experiment 
6/28, both  females  had  100  per  cent;  in  eicperiment  6/27 they  variedfrom 

Table  3. — VariaUon  in  tixe  and  jeUy  cf  eggn  €f  different  females  of  Hipponoe  and  Arbaeia. 


Hipponoe. 

TV       A 

^T 

Age 

of 

Diameter  of  eggs  in  eye-piece  micrometer  readings. 

Peroentsge 
of  eggs 

Date. 

No. 

6C88. 

21 

20.5 

20.0 

10.5 

19.0 

18.5 

18.0 

17.5 

17.0 

10.5 

with  jeUy. 

hour$. 

el25 

1 

2 

2 

7 

1 

•  •  • 

■  •  ■ 

•  •  • 

•  •  • 

100 

2 

2 

•  •  • 

1 

9 

1 

63 

3 

5 

•   •  • 

1 

8 

1 

•  •  • 

4 

0 

•  ■  • 

4 

5 

•  •  • 

100 

6/26 

8 

4 
6 
6 

0 
0 
0 
0 

1 

3 
8 
6 

•  •  • 

0 

3 

10 

•  •  • 

3 

•  •  • 

•  •  • 

4 

•  «  • 

•  •  • 

•  •  • 

8 

86 
05 
09 

90 

6/27 

1 
2 
3 

4 

3 
3 
3 
3 

2 

4 

1 

•  •  • 

10 
3 

12 

11 

5 

6 

3 

4 
3 

•  •  • 

•  ■  • 

•  •  • 

•  •  • 

•  ■  • 

96 
89 
83 
80 

6/28 

6 

i 

•  •  • 

•   •  • 

1 

7 

4 

100 

Total 

6 

1 

•  •  • 

2 

5 

6 

2 

100 

2 

6 

34 

72 

54 

16 

0 

•  •  • 

■  •  ■ 

•  •  ■ 

Arbaoia. 

8/17 

1 

0 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

3 

8 

7 

■  •  • 

•  •  • 

89 

8/10 

1 

0 

•  •  • 

•  •   • 

•  •  • 

•  •  • 

3 

6 

5 

•  ■  • 

•    •    a 

•  •   • 

72 

8/11 

1 

0 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

1 

3 

4 

4 

1 

59 

8/28 

1 

0 

•  •   • 

a     •    • 

•  •  • 

9     •     • 

•  •  • 

•  •   • 

•   ■  • 

•  •  • 

•  •   • 

•  ■  • 
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80  to  96  per  cent;  in  experiment  6/25  one  female  had  100  per  cent,  the 
other  as  low  as  63  per  cent.  It  will  later  be  shown  that  Uiese  varia- 
tions in  size  and  jelly  layer  in  different  females  also  serve  as  indices 
of  the  physiologic  condition  of  the  ^gs. 

Similar  results  were  obtained  for  Arhada.  It  became  manifest  that 
one  must  be  cautious  in  interpreting  the  results,  for  with  hi^  concen- 
tration of  sperm  the  percentage  of  jelly  envelopes  was  often  reduced. 
For  example,  in  one  experiment  hi^  concentration  of  sperm  reduced 
the  percentage  of  jelly  by  22  per  cent,  13  per  cent  in  another,  and  3  per 
cent  in  a  third. 
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VARUTION  IN  MEMBRANE  FX)RMATIQN. 

Id  cHrder  to  detennine  the  nonnal  variability  in  the  rate  of  f  ertiliza- 
tjon-membrane  fonnation,  it  was  important  to  ascertain  the  degree  ci 
varialHlity  due  to  differences  in  different  samples  of  sperm  and  that  due 
to  diffnenoes  in  different  batches  of  eggfi.  A  niunber  of  the  ezperi- 
meiits  to  test  this  point  are  given  in  table  4. 

Tabi«b  4. — VariaHon  in  raU  of  manbrane  fofmoHon  in  eggs  frcm  different  female$. 


Data. 

No. 
of 
F. 

No. 
of 
M. 

quired  for 

m0iiibnu[i60 

tomi>pear. 

Percentage 
of  deavace 
in  one  hour. 

Date. 

No. 
of 
F. 

No. 
of 
M. 

Time  re- 
quired for 
membranes 
toai>pear. 

Pwoentage 
of  elearage 
in  one  hour. 

ntiii. 

mtn. 

T^^fl^^b^^fl^^lftC^^JKS  * 

ToxopMUilm: 

7A 

1 

1 

6 

34 

7/13 

1 

2 

O 

65 

2 

1 

4 

71 

2 

2 

2f 

48 

3 

1 

4 

16 

3 

4 

2 
2 

1 

08 
100 

1 

2 

o 

24 

2 

2 

31 

24 

1 

3 

•  • 

61 

3 

2 

C) 

9 

2 
3 

3 
3 

31 

48 
85 

1 

8 

o 

20 

4 

3 

1 

81 

2 

3 

31 

05 

3 

3 

0) 

33 

7/14 

1 
2 

31 

02 
47 

7/9 

1 
2 

5 
6 

3 

4 

15 
40 

3 

l| 

08 

3 

6 

3 

11 

7/16 

1 

C) 

60 

4 

6 

0) 

1 

2 
3 

21 

74 

81 

7/Z 

1 

1 

o 

80 

4 

21 

06 

1 

2 

o 

23 

5 

C) 

18 

1 

3 

C) 

35 

6 

« 

14 

1 

4 

C) 

68 

7 

21 

40 

1 

5 

o 

43 

7/10 

1 

3 

82 

712 

1 

1 

3 

•  • 

2 

3 

06 

2 

1 

4 

•  • 

3 

2 

83 

3 

1 

3 

•  • 

4 

11 

06 

4 

1 

« 

•  • 

5 
6 

If 
11 

08 
04 

7/7 

1 

1 

2 

01 

Aibaeia: 

2 

1 

3 

41 

7/28 

1 

« 

80 

3 

1 

2\ 

67 

2 

o 

80 

4 

1 

31 

86 

3 

4 

2 

02 
04 

7/13 

1 

1 

2 

09 

5 

If 

01 

2 

1 

\ 

83 

6 

11 

08 

3 

1 

u 

08 

7 

If 

07 

4 

1 

li 

00 

8 

If 

06 

iNo  memfaranee  appeared  in  first  10  minutes. 

When  females  Nos.  1,  2,  and  3  in  experiment  7/1  were  fertilized  by 
male  No.  1,  fertilisation  membranes  first  app^u^d  in  6,  4,  and  4 
minates  reqpectively.  The  same  females  tested  at  the  same  time 
by  male  No.  2  produced  membranes  in  3}  minutes  in  one  female, 
and  none  in  the  other  two  females.  Male  No.  3  gave  the  same  results  as 
No.  2.   In  experiments  7/13  the  membranes  fint  i4>peared  in  30  seconds 
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to  3^  minutes.  With  other  males  f ertilused  at  the  same  time,  eggs  from 
the  same  females  formed  no  membrane  at  all.  Correspondingly  wide 
variations  occurred  in  the  other  experiments  (6/9, 7/3, 7/2, 7/19). 

£gg3  that  form  m^nbranes  rapidly  by  one  male  may  develop  them 
slowly  by  another  of  the  same  age  and  apparently  similar  condition; 
but  usually  the  rate  of  membrane  formation  is  conditioned  by  the  eggs. 
While  the  rate  may  vary  with  different  males,  yet  each  female  tends  to 
keep  the  same  relative  rate — t.  e.,  there  are  slow-membrane-fonoing 
females  and  rapid-m^nbrane-f orming  females. 

In  every  experiment  where  different  females  were  fertilized  by  the 
same  male  marked  differences  in  the  rate  of  membrane  formation 
occurred.  The  correlation  with  cleavage  on  the  one  hand  and  jelly 
layers  and  size  of  the  eggs  on  the  other  will  be  given  later. 

Since  the  rate  of  membrane  formation  varies  wilii  different  males 
and  with  different  females  under  the  same  experimental  conditions, 
any  comparison  of  results  of  one  group  of  eggs  with  another  must  be 
made  with  great  caution. 

VARIATION  IN  CLEAVAGE. 

Cleavage  affords  a  definite,  finely  graded,  and  practical  means 
of  measuring  variation  in  the  ^gs  of  different  females.  I  have  there- 
fore given  considerable  attention  to  the  variations  in  rate  and  in  total 
cleavage  in  all  three  sea-urchins. 

TOXOPNEUSTES. 

The  total  cleavage  is  dependent  upon  the  kind  of  male  as  well  as  the 
kind  of  female,  just  as  we  have  observed  in  the  case  of  the  fertilization 
membrane.  For  example,  5  samples  of  the  eggs  of  a  given  female  were 
fertilized  by  5  different  males;  the  percentage  that  cleaved  in  1  hour  in 
these  5  samples  was  80, 23, 35,  68,  and  43,  respectively,  a  range  of  57  per 
cent.    ( See  table  6,  experiment  7/3.) 

When  different  samples  of  eggs  of  a  single  female  were  fertilized  by 
the  same  male  the  maximum  difference  was  within  5  per  cent — i.  e.,  the 
experimental  error  was  below  5  per  cent. 

When  different  females  were  fertilized  by  the  same  male,  all  suq)en- 
sions  being  standardized,  the  variation  in  cleavage  was  surprisingly 
large.  It  varied  from  1  per  cent  in  experiment  7/2b  to  98  per  cent  in 
many  experiments,  7/21,  7/19,  7/14,  7/12,  etc.  The  range  of  varia- 
bility as  expressed  by  the  difference  between  maximum  and  minimum 
cleavage  for  any  given  experiment  in  which  a  given  male  fertilized 
different  females,  was  11, 15, 16, 39, 48, 51, 62, 53, 54, 55,  57, 72, 74, 76, 
and  as  large  as  87  i)er  cent. 

In  a  second  series  of  experiments  different  males  were  used  either 
with  samples  of  a  given  female  or  with  different  females.  (See  experi- 
ments 7/1,  7/13.) 
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In  7/13|  malefi  Nob.  1,  2,  3,  and  4  fertilized  female  No.  1  and  gave 
99,  83,  98|  and  99  per  cent  cleavage  respectively.  With  female  3,  the 
eorreqxinding  males  gave  57,  30,  50,  and  46  per  cent.  Female  No.  1 
gave  ocxnsisteiitly  high  cleavage  by  all  the  males,  and  female  No.  3  gave 
eoDflistently  low  cleavage*  As  in  rate  of  membrane  formation,  one  may 
speak  of  high-deavage  eggs  and  low-cleavage  eggs.  Apparent  excep- 
tions arise  when  low-cleaving  eggs  were  fertilized  by  high-cleavage 


Tablb  6. — VariaHon  in  percentage  cj  cieawtge,  cf  eggs,  and  of  sperm 
from  different  indmduala  of  Toxopneuetee, 


No.  of  male. 

Age 

MAzimiim 

Dftte. 

No.  of 
f«nimle. 

of 
conn- 

difference 
incleaTAce 

1 

2 

3 

4 

6 

6 

7 

cells. 

percentage. 

haun. 

7/3 

1 
2 
8 

4 

80 
23 
36 
68 

1 

•  •  •  • 

•  •  •  • 

•  •  •  • 

•  •  •  • 

7/i 

5 
1 

43 

•  • 

1 ' 

•  •  •  • 

•  •  •  • 

•  •  •  • 

W 

•  • 

•  ■ 

•  • 

•  • 

•  • 

■  • 

16 

60 

98 

92 

81 

82 

61 

to 

2 

40 

43 

98 

47 

96 

96 

98 

1 ' 

•  •  •  • 

7/ii 

3 

11 

96 

87 

98 

18 

83 

11 

•  •  •  • 

4 

1 

80 

•  • 

•  • 

14 

96 

•  • 

1 

•  •  •  • 

5 

•  • 

•  • 

•  • 

•  • 

40 

98 

•  • 

2 

•  ■  •  • 

7/1 

6 
1 

•  • 

•  • 

•  • 

•  • 

•  • 

94 

•  • 

1 

•   • 

1 

•  •  •  • 

•  •  •  • 

14 

W 

62 

11 

61 

72 

16 

87 

34 

24 

20 

•  • 

•  • 

•  • 

•  • 

2 

71 

24 

96 

•  • 

•  • 

•  • 

•  • 

1 

71 

7/13 

3 

1 

16 

9 

33 

•  • 

•  • 

•  • 

•  • 

1 

•  • 

i 

24 

•  • 

16 

>66 

16 

75 

■  • 

■  • 

•     a 

•  • 

90 

83 

98 

99 

•  ■ 

•     • 

•  • 

2 

26 

64 

93 

100 

•  • 

•    • 

•  • 

1 

76 

3 

67 

30 

60 

46 

•  • 

•     • 

•  • 

•   • 

27 

•  • 

»74 

n 

48 

64 

•  • 

•     • 

•  • 

^Maximum  difference. 


Since  the  variability  in  the  reactions  between  these  fresh  eggs  and 
wperm  is  so  amazingly  large,  one  should  be  cautious  about  comparisons 
of  fertilised  eggp  from  different  individual  sea-urchins,  even  when  of 
one  and  Uie  same  species;  yet  this  error  is  commonly  made. 
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Tabub  ^.—Variation  in  dda9ag$  oi  gtrm-cdU  cj  differtni  indmduah    HipponoB. 


Age  of 

serm* 

Maximum 

Time 

Date. 

No.  of 
female. 

No.  of 
male. 

eeus. 

Percent 
deavage. 

in  deavage 

ance 
fertili- 

Female. 

Male. 

percentage. 

aation. 

houn. 

houn. 

himn. 

6/21 

1 

1 

0 

0 

46 

•  ■  •  • 

8 

1 

2 

76 

31 

6/23 

1 

0 

0 

16 

*  •  •  • 

2 

2 

6 

If 

6/27 

1 

0 

0 

01 

•  •  •  • 

U 

2 

12 

•  •  •  • 

8 

85 

•  •  •  • 

4 

8 

8S 

6/26 

1 

0 

0 

83 

•  •  •  • 

2 

2 

66 

17 

7/1 

1 

0 

0 

00 

•  •  •  • 

11 

2 

64 

•  •  •  • 

8 

60 

•  •  •  • 

4 

47 

•  •  •  • 

5 

16 

•4 

7/2 

1 

0 

0 

66 

•  •  •  • 

11 

2 

61 

•  •  •  • 

8 

74 

•  •  •  • 

4 

57 

•  •  •  • 

6 

70 

•  •  •  • 

6 

27 

47 

7/6 

1 

0 

0 

10 

«  •  ■  • 

U 

2 

87 

•  •  •  • 

3 

10 

•  •  •  • 

4 

64 

64 

7/16 

1 

0 

0 

0 

.  *  •  • 

2 

1 

0 

.... 

1 

0 

. . « • 

3 

44 

• . . . 

8 

0 

...» 

8 

8 

44 

6/29 

1 

0 

0 

10 

•  •  •  • 

2i 

2 

04 

•  •  •  • 

3 

73 

75 

6/20 

4 

5 

U 

U 

02 

•  •  •  • 

IJ 

5 

5 

07 

•  •  •  ■ 

6 

6 

83 

14 

7/8 

1 
2 
8 
4 

0 

0 

52 
65 
58 

41 

•  •  •  • 

•  •  •  • 

•  •  •  • 

24 

n 

7/8 

6 
6 

7 
8 

2i 

2J 

02 
22 
88 

77 

•  •  •  • 

•  •  •  • 

•  •  •  • 

70 

11 

7/3 

1 
2 
8 

0 

8 

62 
04 
13 

•  •  •  • 

•  •  •  • 

81 

2 

6/28 

1 

0 

7 

24 

•  •  •  • 

11 

1 

2 

57 

38 

7/30 

1 
2 

1 

1 

71 
76 

•  •  •  • 

6 

IJ 
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HIPPONOE. 

The  variation  in  cleavage  of  Hippanoe  eggs  was  essentially  the  same 
as  in  Taxapneustes.    The  data  are  brou^t  together  in  table  6. 

SampleB  of  eggp  of  a  given  female  fertilised  by  different  males  gave 
45  and  76  per  cent  cleavage,  respectively,  a  range  of  31  per  cent* 
(Experim^it  6/21.) 

Eggs  of  different  females  fertilized  by  the  same  male  varied  from  5  to 
81  per  cent  in  the  13  experiments  cited  in  table  6.  The  mRTiniA^ 
differoice  in  each  experiment  was  5, 9, 10, 17, 24, 47, 54  per  cent  and  as 
large  as  70,  74,  75,  and  even  81  and  83  per  cent. 

In  these  experiments  so  called  ''good,''  ''poor,''  and  "bad"  eggs 
we]:e  uaed.  These  terms  will  later  be  defined  in  definite  chemioo- 
physical  entities. 


Tabim  l.—VariaHan 

imieavageof 

W«< 

Ma  sptnn 

of  different  Arbacia  inditiduala. 

Brp«riiiMDt  No. 

Ago  of  ti&nMk' 
oeOs. 

No. 

of 

male. 

Egg 

No. 
1. 

Egg 
No. 
2. 

Egg 
No. 
3. 

ECE 

No. 
4. 

Egg 
No. 
6. 

Egg 
No. 
6. 

Egg 

No. 
7. 

Egg 
No. 

8. 

Mazimiim 
diffevmoe 
(percent). 

Female. 

Male. 

8/12 

4i 
41 

23 

11 
5 

u 

0 
0 
0 

4i 
41 

23 

If 
5 

u 

0 
0 
0 

1 
2 

1 
1 
6 

1 
1 
1 
1 

81 
72 
76 
80 
03 

100 
83 
02 

100 

68 

60 
70 
74 
00 
08 
80 
08 
100 

1 

4 

3 

00 

100 

100 

02 

07 

•  • 

77 
62 
0 
06 
86 
88 
04 
07 

•  • 

01 
63 
74 
100 
06 
08 
01 
08 

•  • 

02 
08 
07 

•  • 

100 
07 
00 

•  • 

06 
00 

•  • 

n 

€8 

75 

26 
15 
12 
15 

7 

f 

8/13 

8/14 

8/16 

7/^(1  boor)... 
7/28  (2  hours) . . 
8/^ 

^^  " *•••••••••• 

ARBACIA. 

A  few  observations  were  made  upon  Arbacia,  which  live  in  much 
deq)er  and  colder  waters.    The  results  are  shown  in  table  7. 

In  experiment  8/2,  table  7,  eggp  of  different  females  fertilised  by  the 
one  miJe  gave  100  per  cent  cleavage  for  each.  In  experiment  7/28 
an  8  females  gave  a  hi^  cleavage;  the  maximum  difference  was  15  per 
oent  at  end  of  1  hour  and  only  7  per  cent  at  end  of  2  hours.  In  the 
other  experiments  the  range  of  variability  was  much  greater — 12,  15, 
26,  68,  75,  and  90  per  cent  in  different  experiments.  There  were  low- 
ekttiving  females  (see  experiments  8/12  and  8/13) ;  others  were  sterile  or 
Iiracticidly  so  (see  8/12  and  8/13) ;  others  hij^-cleaving  females.  The 
eggs  appeared  alike,  yet  upon  actual  test  they  showed  a  very  marked 
range  of  variability  •  On  some  days  all  the  females  seemed  to  be  high- 
cleaving  females,  as  in  7/28;  on  other  days  th^^e  was  marked  variation, 
18  in  8/12,  8/13,  etc. 
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CORRELATION  OF  THE  DIFFERENT  VARIATIONS. 

These  obeervatioDfi  and  experiments  furnished  unmistakable  evidence 
of  a  hi^  correlation  of  these  variants  in  all  three  sea-urohins.  From 
table  3  the  size  of  ^;g8  and  the  percentage  of  eggfi  with  jeDy  envdopes 
maybe  compared;  also  in  table  4  the  rate  of  membrane  formation 
and  total  cleavage*  From  the  different  experiments  it  was  observed 
that  the  following  characters  and  characteristics  were  closely  cor- 
related, namely: 

No.  1.  GlobulAT  shape  of  all  or  nearly  all  of  the  eggfL 
No.  2.  Large  percentage  of  the  eggs  with  the  Jelly  envelope. 
No.  8.  Siie  of  the  eggs  oloee  to  mode,  with  ynry  littie  Tariatioii. 
No.  4.  (a)  Fertilisaikm  membrane  formed  in  about  2  minutes. 

(J>)  Large  percentage  of  the  eggs  form  a  membrane. 
No.  5.  (a)  A  rapid  rate  of  first  deayage. 

Qi)  A  hi^  percentage  of  deayage. 

Vice  versa,  the  following  were  closely  correlated: 

No.  1.  A  large  percentage  of  Mptieal  eggL 
No.  2.  Alow  percentage  of  eggs  with  ibatjdly  enrelopes. 
No.  8.  Eggs  usually  Iwrger  than  mode,  and  mndi  Tariation. 
No.  4.  (a)  FertiUsation  membranes  slow  to  appear. 

(6)  Small  percentage  of  eggs  form  membranes. 
No.  5.  (a)  Slow  rate  of  fint  deayage. 

(&)  Low  percentage  of  deaying  egepi. 

DISCUSSION. 

An  adequate  understanding  of  these  variations  can  not  be  had 
without  a  knowledge  of  the  results  of  experiments  with  aging  germ- 
cells.  It  is  expected  that  such  results  will  appear  in  a  later  publica- 
tion, but  at  present  I  wish  merely  to  point  out  the  nature  of  some  of  the 
variants  and  to  call  attention  to  the  marked  range  of  differences  in  each 
of  the  variants  in  fresh  gemirceUs.  If  these  facts  are  thoroug^y  appreci- 
ated; not  only  will  many  conflicting  results  on  the  physiology  of  eggp  and 
sperm  disappear,  but  a  clearer  understanding  of  the  situation  may  result. 

A  number  of  investigators  have  remarked  on  the  fact  that  under 
apparently  identical  conditions  var3ang  experimental  results  were 
obtained,  and  have  suggested  that  the  differences  were  due  to  some 
physiologic  difference  in  the  eggs. 

Stockard  (7)  stated  ''the  fact  that  a  number  of  eggfi  when  subjected 
to  the  same  solutions  do  not  all  respond  in  a  like  manner''  was  due  to 
'*  differences  tn  individual  resistance  and  vigor  J^^ 

F.  R.  lillie  (2)  noted  that  ''the  failure  to  obtain  exactly  the  same 
curve  *  *  *  was  due  in  part  to  the  natural  variability  of  different 
lots  of  eggp  and  sperm/'  Elsewhere  he  asserts  that  the  percentage  of 
cleavage  was  more  dependent  on  the  conditions  of  the  sperm  than  upon  its 
concentration. 

^All  italics  are  mine. 
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J.  Loeb  and  H.  Wasteneys  (5)  believed  that  the  different  results  on 
the  effeets  of  weak  and  strong  bases  on  the  oxidation  of  eggs  of  the 
searurchin  may  be  due  to  differenceB  in  the  eggs, 

Wa8tene3ns  (8)  later,  in  woridng  upon  the  oxidation  of  sea-urchin  efffi^ 
oc»iehided  that  the  variations  in  his  results  were  due  to  differencee  in 
mneiiiimMse  of  eggs  cf  differerU  females  and  perhaps  to  differences  of 
temperature. 

B.  8.  lillie  (3),  from  a  study  of  the  rate  of  swelling  of  ^gs  in  diluted 
sea-water,  also  concluded  that  the  variability  in  rate  was  due  to  the 
condition  of  the  eggs. 

In  studying  the  fertilisin  phenomenon,  F.  R.  Lillie  (1)  arrived  at  a 
more  adequate  appreciation  of  the  nature  of  this  variability  when  he 
hdd  that  llie  condition  of  the  eggs^  whether  ripe  or  immature,  fresh  or 
stale,  with  or  without  jelly,  is  more  important  than  concentration  of 
the  eggs.  Elsewhere  (p.  568)  he  remarked  that  ^^the  condition  of  the 
gonads  is  the  most  variable  thing  in  summer  sea-urchins/' 

R.  8.  Lillie  (3)  made  a  notable  contribution  when  he  concluded  that 
resistance  to  osmotic  disruption  in  dilute  sea-water  was  '^a  convenient 
mdex  of  the  physiologic  condition  of  the  plasma  membrane^'  and  that 
'*an  intimate  connection  exists  between  the  general  phydologic  con- 
dition of  the  egg  and  the  physiologic  state  of  the  plasma  membrane.^' 

We  are  not  justified  in  asBuming  that  all  ripe  eggs  freshly  removed 
from  the  bodies  of  the  sea-urohins  are  in  a  uniform  or  nearly  uniform 
physiologic  condition  or  that  at  a  subsequent  interval  in  sea-water 
the  eggs  continue  to  remain  in  a  fairly  uniform  physiologic  condition. 

This  study  and  later  ones  have  forced  upon  me  the  conclusion  that 
these  assumptions  are  without  basis.  Eggs  freshly  removed  from  the 
body  are  not  in  the  same  physiologic  condition,  as  measured  by  any  of  the 
tests  I  have  proposed.  Given  an  originally  limited  variability  of  the 
^ggs — for  the  chemico-physical  explanation  of  which  see  Loeb  and 
Chamberlain  (4) — ^which  variability  I  shall  term  the  primary  varia- 
bility, further  variations  and  types  of  variants  are  superimposed  by 
reason  of  the  fact  that  the  eggp  do  not  all  ripen^  at  the  same  time 
within  the  body.  Further  variability  is  due  to  the  fact  that  the  e^s 
are  subjected  to  the  injmious  influences  of  the  body  fluid  for  intervals 
varjring  with  the  time  since  maturation. 

When  such  ^;gs  are  placed  in  sea-water  the  physiologically  different 
groups  of  eggs  are  again  affected  very  unequally. 

The  totality  of  Uiese  varying  influences  produces  marked  variations 
of  a  number  oi  characters  among  the  ^gs  of  a  given  female,  as  well  as 
the  eggs  of  different  females. 

We  have  no  direct  or  simple  measure  of  the  time  since  maturation  of 
the  egg,  nor  of  the  physiological  condition  of  the  eggg.    But  one  can 

'Bcgi  «•  riptt  m  tlilf  MOM  ftt  th«  mooMnt  when  cermlnal  vMide  breaki  down. 
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obtain  a  veiy  definite  idea  of  the  physiological  condition  of  any  sample 
of  eggs  by  ascertaining  the  extent  of  certain  changes  in  sise,  shape, 
dissolution  of  jelly  laya:,  retardation  of  rate  of  membrane  formation, 
and  rate  of  cleavage  and  total  cleavage,  all  of  which,  and  possibly 
others,  serve  as  different  and  corroborative  indices  of  their  physiological 
condition.  The  nature  of  the  chemico-physical  factors  involved  in 
these  variations  was  made  known  from  a  study  of  aging  eggs. 

From  this  it  follows  that  for  a  study  of  the  physiology  of  the  germ- 
cdls,  or  for  any  experimental  work  that  involves  a  comparison  of  germ- 
cells  from  different  individuals,  it  is  not  sufficient  to  use  eggs  of  the 
same  chronologic  age,  but  by  actual  tests,  as  shown  above,  to  choose 
eggs  of  the  same  physiologic  age — i.  e.,  eggs  most  nearly  in  the  same 
j^ysiologic  condition.  If  this  be  done  we  should  expect  less  conflicting 
results  than  have  obtained  heretofore. 

CONCLUSIONS. 

1 .  The  optimum  conditions  of  temperature,  volume  of  sea-water,  sur- 
face exposure,  and  concentration  of  eggs  and  of  sperm  were  ascertained. 

2.  The  eggs  and  spam  used  in  these  experiments  were  immediately 
removed  from  freshly  collected  sea-urchins. 

3.  Three  spedes  of  sea-urchins  were  used,  Toox^pn^iMfM  and  ff^ 

of  shallow  tropical  waters  and  Arhacia  of  deq)er,  cold^  waters.  The 
fundamental  results  for  all  these  were  in  entire  accord. 

4.  The  Arhacia  genn-cells  are  less  variable  than  either  of  the  tropical 
forms. 

6.  Variability,  with  respect  to  cleavage,  differs  with  different  individ- 
uals. The  eggs  of  one  female  when  fertilized  by  a  given  male  may  give 
markedly  different  percentages  of  cleaving  eggs  when  fertilized  by  a 
second  male.  The  difference  is  usually  much  greater,  all  other  condi- 
tions remaining  constant,  when  eggs  of  different  females  are  fertilized 
by  the  same  male.  The  relative  difference  is  usually  constant.  Some 
females  have  a  high  percentage  of  cleaving  eggs;  other  females  a  low 
percentage.    Cleavage  is  a  function  of  the  kind  of  eggs  used. 

6.  The  variations  studied  were:  size  and  shape  of  eggs;  presence  of 
jelly  envelope;  membrane  formation;  cleavage. 

7.  There  is  a  surprising  range  of  variability  for  each  of  these  charac- 
ters and  characteristics,  less  for  size  or  shape,  greater  for  jelly  and 
membrane  formation,  and  greatest  for  cleavage. 

8.  The  eggs  of  some  females  showed  little  variation  in  size  from  the 
norm,  were  usually  globular,  and  a  large  proportion  had  the  character- 
istic jelly  envelope.    These  eggs  were  in  good  physiologic  condition. 

9.  The  eggs  of  other  females  varied  considerably  in  size  from  the 
norm,  had  a  high  percentage  of  elliptical  eggs  and  a  low  percentage  of 
intact  jelly  envelopes.    These  eggs  were  in  poor  physiologic  condition. 
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10.  In  some  feanaleB  the  eggs  formed  fertilization  membranes  in 
about  2  minutes,  others  required  3  to  6  minutes,  or  formed  no  mem- 
bfaneB  at  all.  Rapid  membrane  formation  was  associated  with  small 
variability  of  size,  globular  shape,  and  high  jelly  count;  slow  formation 
with  enlargement  or  considerable  variation  in  size,  high  percentage  of 
dlq>tical  eggs  and  low  jelly  count.  The  former  were  in  good,  the 
latter  in  poor  physiologic  condition. 

11.  The  rate  of  early  cleavage  and  the  total  cleavage  varied  most 
widdy.  The  total  cleavage  varied  from  complete  sterility  to  100  per 
coit  cleavage.  High  cleavage  is  correlated  with  normal  size,  globular 
shape,  large  jelly  count,  and  rapid  membrane  formation;  and  vice  versa, 
low  cleavage  with  the  opposite  conditions. 

12.  This  amazingly  large  variation  is  due  to: 

a.  A  primary,  small  variability  in  ripe  eggp. 

6.  TImb  effect  of  chemico-phyBical  agencies  acting  on  the  ripe  egg?  within  the 

body  of  the  female. 
c  A  variation  in  time  or  ripening  of  different  groups  of  egg?  within  a  given 

finale. 

d.  The  time  between  maturation  and  removal  of  the  egg?  to  sea-water, 

which  time  may  be  different  for  different  finales. 

e.  The  differential  effect  of  sea-water  up<m  physiologicaliy  different  eggp. 

Eggs  which  have  been  removed  from  different  individuals  at  the  same 
timeandareof  the  same  chronologic  age  are  not  necessarily  in  thesame 
phyBiolo^c  condition.  The  extent  of  the  change  may  be  determined 
by  the  study  of  their  variations. 

13.  For  certain  experimental  work  the  eggs  should  be  grouped,  not 
aooofding  to  ajge — i.  e.,  the  time  since  removal  from  the  body— but 
aooofding  to  tiieir  physiologic  state,  which  may  be  accurately  deter* 
mined  by  the  various  tests  suggested  above. 
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ANALYTICAL  SEARCH  FOR  METALS  IN  TORTUGAS  MARINE 

ORGANISMS. 


Bt  Alixandbb  H.  Philups. 


INTRODUCTION. 

The  problem  upon  which  it  is  hoped  that  these  analyses  will  cast 
some  Hght  was  stated  in  Year  Book  No.  14,  page  193,  of  the  Cam^e 
Institution  of  Washington.  A  large  niunber  of  specimens  were  col- 
lected and,  while  only  a  few  of  them  have  been  analyzed  for  metals,  the 
results  justify  the  present  publication,  leaving  the  discussion  to  some 
future  time  when  the  analyses  of  all  the  samples  or  specimens  collected, 
as  well  as  others  from  various  localities,  might  be  included. 

The  q)ecimens  were  dried  in  the  air-bath  at  110^  C,  were  ground,  and 
bottled  in  bottles  with  tight-fitting  stoppers.  Some  specimens  slowly 
decomposed  at  110^  C.  and  constantly  lost  weight;  in  such  cases  the 
q[>ecimens  were  heated  in  the  bath  for  8  hours  and  then  bottled  as  if 
dry.  The  metals  det^mined  were  iron,  manganese,  zinc,  copper,  and 
lead.  For  the  determination  of  zinc,  copper,  and  lead,  ^en  tiie  dried 
matmal  was  sufficient, 20  grams  were  used  as  a  sample;  when  it  was  not 
possible,  throu^  lack  of  material,  to  use  20  grams,  the  results,  as  tabu- 
lated for  convenience  of  comparison,  are  all  calculated  to  20  grams. 

METHOD. 

The  method  of  analysis  followed  is  that  advised  by  the  U.  S.  Depart- 
ment of  Agriculture,  Bureau  of  Chemistry,  Bulletin  No.  107  (revised), 
wiUi  sliest  modifications,  as  tin  was  not  sought.  The  sample  was 
incinerated  in  a  muffle  at  a  low  red  heat,  not  high  enough  to  fuse  the 
chlorides.  After  solution  of  the  ash  in  HCl  and  evaporation  to 
dryness,  sulphides  were  precipitated  in  a  hydrochloric-acid  solution. 
They  were  then  dissolved  in  HNOs,  when  copper  and  lead,  if  any,  were 
detennined  electrolytically  in  the  nitric-acid  solution.  Iron  and 
phosphoric  acid  were  separated  from  zinc  in  the  filtrate  from  the 
sulphides  by  the  basic-acetate  method,  when  the  zinc  was  precipitated 
as  a  sulphide  in  an  acetic-acid  solution  and  weighed  as  ZnO.  If  this 
zinc  oxide  was  foimd  to  be  impiure  it  was  dissolved  in  hydrochloric  acid, 
filt^^,  and  the  filtrate  was  boiled  with  an  excess  of  NaOH  in  platinum, 
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any  precipitate  filtered  off,  and  the  zinc  reprecipitated  with  Na^Ot 
and  again  weighed  as  ZnO. 

Iron  was  estimated  in  a  separate  sample,  usually  2  grams,  by  titra- 
tion with  permanganate.  Manganese  was  also  estimated  in  a  separate 
sample,  by  the  colorimetric  method,  and  both,  as  tabulated  below,  are 
calculated  to  amoimts  contained  in  20  grams  of  the  dry  sample.  The 
weights,  etc.,  are  given  in  grams. 


Specimen  No. 


614  B  CI.... 
614  BC  2.... 

614  Kl 

614  K  2 

614  R 

614  AT 

614  A  U 

614  D  2 

614EFG.... 

614L 

614  AS 

614  A  SI.... 

614  AS  2.... 
615E 

615  E  2a 

614CB1.... 
614  CB  2.... 
614CB3.... 

614A1 

614  A  2 

614  N 

614  BQ 


Sample  taken 
for  analsraiB 


20  grams  of  liver . . 
20  grams  of  liver . . 
20  grams  of  liver . . 
20  grams  of  liver . . 
20  grams  of  ttsauee 
20  grams  of  liver. . 
5  grams  of  liver . . . 
20  grams  of  ttsauee 
20  grams  of  tissues 
20  grams  of  tissues 
10  grams 

2  grams  of  liver. . . 
20  grams  of  liver. . 

20  grams 

10  grams^ 

15  grams 

20  grams 

3  grams 

20  grams 

20  grams 

20  grams 

20  grams 


Wei^t 
complete. 


4,365 
3,705 
4,265 
3,730 
770 
21,015 
1,765 
2,025 
8,368 
1,225 
1,515 
1,515 


450 


2,670 

2,670 

2,215 

895 


Wei^t 
ofsheU. 


2,000 
2,505 
2,875 
2,485 

610 

17,835 

1,527 

2,555 

7,046 

787 


Wei^t 
of  U 


1,375 
1,110 
1,300 
1,245 

160 
3,180 

238 

370 
1,322 

438 


190 


1,945 
725 


Weight 
of  liver. 


157 
105 
405 
315 

•  •  • 

585 

57 


^201 

22 

67 

1,085 


18.5 


Specimen  No. 


614BC1.... 
614  BC  2.... 

614K1 

614  K  2 

614  R 

614  AT 

614  A  U 

614  D  2 

614EFO.... 

614  L 

614  AS 

614AS1 

614  AS  2 

615  E 

615  E  2a 

614CB  1.... 
614  CB  2.... 
614  CB  3.... 

614A1 

614  A  2 

614N 

614BQ 


Wei^tdried 
atllO'C. 


*69.2 
*45.1 

nso.s 

n36 

41.5 
«175.9 

«8.1 

81.5 
322 
101 

»17.6 
4 

31.7 
219 

17.24 

22.4 

92 
5.4 
404 

74 
215 

44 


Copper. 


0.0434 
.0745 
.0007 
.0019 
.0006 
.0006 
.0008 
.0025 
.0002 
.0007 
.0140 
.0180 
.0222 
.0034 
.0170 
.00027 
.0003 
.0022 
Trace 
.0004 
.0003 
.0004 

>Blood. 


ZnO 


0.0036 
.0123 
.0019 
.0014 
.0014 
.0019 
.0076 
.0051 
.0038 
.0077 
None. 
.0040 
.0038 
.0133 
.0014 
.0011 
.0016 
.0020 
.0043 
.0013 
.0006 
.0032 


Fe 


0.0121 
.0208 
.0108 
.0061 
.0112 
.0176 
.0397 
.0193 
.0073 
.0114 
.0175 
.0067 
.0066 
.0054 
.0067 
.0079 
.0087 
.0124 
.0067 
.0002 
.0235 
.0229 


MnO 


0.00022 
.00020 
.00016 
.00008 
.0011 
.00355 
.0043 
.0021 
.0022 
.00016 
.0014 
.000016 
Trace 
.0001 
.00084 
.0002 
.0002 
Trace 
Trace 
Trace 
.0002 
.0002 


PbOt 


0.00005 
.00005 


(Liver. 
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DMGBzmoMi  or  Bpaonapis  Ahaltod. 

614  B  C  1.  Faaeioiaria  gigtmUa;  bone  oonoh;  lhr«r  of  an  immature  male. 

614  B  C  2.  Pa9€idlaria  oUfomtt^  Uver  of  a  much  older  indhridual,  aex  not  noted. 

614  K  1.  CoMJt  (T) ;  queen  eonoh;  liver  only;  ses  not  noted. 

014  K  2.  CoMM  (T);  <iiieen  eonoh;  liver  only;  ses  not  noted. 

014  R.  Sbnom6i<t6ifMfeergito<iit;aUeoftpyteof  Ofenialeeareropreeentedintheeampl^ 

014  A  T.  8irembu9  gigaM;  repneenti  tbe  livere  of  8  individnaLi  of  both  aexee. 

614  A  U.  StromStmM  ffioaa;  the  liver  of  a  much  younger  individual  than  any  included  in  014  A  T. 

014  D  2.  Sirombut  giooi;  repneenti  all  the  soft  parte  of  a  sini^  individual  with  a  very  old, 

battered,  and  thick-Upped  dieU. 
014  B  F  Q.  8tromhu$  Q%Qa$:  repreeente  aU  the  lof t  parU  of  3  individuala,  aU  in  the  first  year  of 

mavun^. 
614  L.  Fi49iir]MrfirsiM;  repreeente  an  the  soft  parts  of  4  adult  individuals. 
614  A  8.  PaUmmnu;  crayfish;  repreeente  the  blood  only. 
614  AS  1.  PoftmifM;  crayfish;  liver  of  a  sini^  individuaL 

614  A  8  2.  PaMtmnu;  crayfish;  liver  of  a  much  larier  individuaL 

615  B  1.  LiSMiiifs  p6lifjihmnu9:  livers,  ovaries»  and  testee  of  four  individuals,  two  males  and  two 

615  B  2a.  Lmmlu9  pohipkmmuB;  100  o.o.  of  blood. 

614  C  B  1.  Apiyiia;  sea  cat;  one  complete  individuaL 

614  C  B  2.  Apkftia;  sea  cat;  five  complete  individuals. 

614  C  B  8.  Aply$ia;  sea  cat;  the  livers  of  two  individuals. 

614  A  1.  HoUimnm  htrnmiiUma:  muscular  tissue,  etc,  of  several  large  individuals,  leas  the 

intestinee. 
614A2.  AetoAivM  bsrmiidMiM;  intestinee  of  the  individuals  in  014  A  1. 
614  N.  Ciamm  airs;  black  tmiioatfi,  living  on  the  walls  of  the  moat  of  F<^  Jefferson. 
614  BQ.  A  gray  tunicate  also  from  the  moat  of  Fort  Jeff erson. 

The  constant  occurrence  of  both  copper  and  iron  in  the  analyses  is 
to  be  expected,  but  Uie  large  amounts  of  copper  in  some  and  its 
variabilityy  even  in  individuals  of  the  same  species,  is  to  be  noted. 
TSoD^  is  i^esent  in  all  the  8pecima:is  analysed  except  the  crajrfish  blood, 
and  as  the  sample  was  exhausted  in  the  first  analysis  this  could  not 
be  tested  further.  Since  the  Tortugas  Islands  are  far  removed  from  any 
possible  contamination  of  the  sea-water,  zinc  must  be  considered  as  a 
nonnal  constituent  of  Uiese  forms.  Manganese  is  present  in  all  the 
specimens  analysed,  but  varies  considerably.  The  most  reooiaricable 
occurrence,  however,  is  that  of  lead  in  the  liva:  of  Fa9ciolaria  giganUa 
in  quantity  just  sufficient  to  weigji,  in  a  20-gram  sample  of  dried  livw, 
but  quite  eiKmg)i  to  yield  good  qualitative  tests. 


V. 


ON  THE  COMPOSITION  OF  CASSIOPEA  XAMACHANA  AND 
THE  CHANGES  IN  IT  AFTER  STARVATION. 


BY  &  HATAI, 

Of  the  Wntar  liwtituU  <f  AMtomy  mmI  BNlogy. 

One  figure. 


95 


ON  THE  COMPOSmON  OF  CASSIOPEA  XAMACHANA  AND 
THE  CHANGES  IN  IT  AFTER  STARVATION. 


Bt  8.  Hatai. 


INTRODUCTION- 


Majrer  (1914)  reported  that  in  Ca$9iapea  the  percentage  of  nitrogen 
to  the  total  solids  remains  constant  during  the  entire  period  of  starva- 
tion; be  infers  that  '^no  appreciable  chemical  change  occurs  in  the 
composition  of  its  body,  and  that  there  is  no  appreciable  selective  use 
of  different  substances  at  different  times  during  the  progress  of  star- 
vatum.''  This  is  remarkable,  since  the  starving  mammalian  body 
reveals  a  totally  different  relation,  owing  to  the  rapid  disappearance 
of  reserve  substances,  such  as  carbohydrates  and  fats,  during  the 
earlier  pmod  of  starvation,  followed  by  a  slow  consumption  of  protein 
substances  later.  Thus  the  starving  mammalian  body  gives  different 
percentage  values  for  the  nitrogen  at  different  periods  of  starvation, 
especially  in  the  earlier  stages. 

The  geaaenl  anatomy  of  Camopea  suggests  that  since  by  far  the 
greater  fraction  of  tiie  body  is  represented  by  the  reserve  jelly-like 
substance,  while  the  amount  of  living  cdlular  elements  is  small, 
constancy  in  the  percentage  of  nitrogen  means  that  practically  all  the 
nitrogen  is  represented  by  that  of  the  jelly-like  substance,  which  by  its 
rdative  abundance  masks  those  chemical  changes  that  may  occur 
within  the  epithelial  elements.  To  test  this  point  the  experiments  to 
be  described  were  undertaken. 

NORMAL  GROVTH  OF  DIFFERENT  PARTS  OF  THE  BODY. 

Ca$9iapea  may  be  divided  into  three  distinct  parts:  (1)  Mouth- 
organs,  (2)  umbrella,  and  (3)  velar  lobes,  which  differ  not  only 
morphologically,  but  also  in  tiieir  absolute  weights  and  in  the  relative 
amount  of  cellular  and  non-cellular  constituents.  It  was,  therefore, 
tiiou^t  desirable  to  study  the  normal  growth  of  these  parts  in  order  to 
determine  whetha:  the  starving  cassiopea  loses  weight  uniformly  or 
whetiier  the  loss  is  diRsimilar  in  the  three  parts  concerned.  Altogether 
37  normal  examples  of  CoMiopea  of  various  body-weightswere  examined, 
and  ihe  results  obtained  are  given  in  table  1. 

The  individual  records  were  plotted,  together  with  the  average 
vahies,  witii  a  view  to  showing  at  a  glance  the  extent  of  variation,  and 
are  given  in  figure  1. 

Table  1  shows  that  the  three  parts  increase  in  weight  with  the 
increase  of  the  entire  body-weig)it,  but  the  relative  weights  of  these 
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parts  change  as  the  body  becomes  heavier.  The  greatest  increase  in 
relative  weight  is  made  by  the  velar  lobes,  while  those  made  by  the 
mouth-organs  and  the  umbrella  follow  in  the  order  named.  It  should 
be  noted  that,  although  the  mouth-organs  show  the  greatest  weight 
diuing  most  of  the  animal's  life,  yet  in  the  earlier  period,  where  the 
entire  body  weighs  less  than  0.5  gram,  the  umbrella  has  a  greater 
weight  than  the  mouth-organs. 

Table  1. — Different  body-inighis  of  the  normal  Casnope^f  the  toeighU  of  motUh-organSf 

umbreUay  and  velar  lobes. 


Entire 
body. 

Mouth- 
organs. 

Umbrella. 

VeUr 
k>bee. 

No.  of 
medussB. 

grants. 

ytatns. 

ffnuns. 

0.098 

0.040 

0.066 

0.002 

1 

.316 

.141 

.154 

.022 

5 

.806 

.384 

.350 

.063 

4 

8.000 

5.018 

2.550 

.521 

5 

54.210 

32.182 

18.103 

3.033 

7 

118.313 

66.800 

42.002 

0.421 

6 

163.003 

02.604 

50.080 

12.210 

5 

234.284 

140.407 

78.255 

15.531 

4 

The  graphs  in  figure  1  show  that  the  growth  in  weight  of  these  three 
parts  on  body-weight  is  almost  linear.  It  would  be  interesting  to 
determine  how  the  growth  curve  of  Caesiopea  with  respect  to  age 
appears,  but  for  the  necessary  data  we  must  await  future  investiga- 
tions. 
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Fig.  1 . — Showing  the  growth  of  three  parts  of  the  body  according  to  the  increasing 

weight  of  Cassiopea  xamaehana. 
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ANALYSIS  OF  ENTIRE  BODY. 

Several  freshly  caught  cassiopeas  were  weighed  and  then  placed  m 
the  oven  for  one  week  at  a  temperature  of  90*^  to  95^  C.  The  per- 
omtages  of  water  and  of  solids  were  thus  determined  and  the  solids 
again  were  analyzed  for  nitrogen  and  ash.  The  results  of  these  deter- 
minations are  given  in  table  2. 

Table  2. — Freth  v>eightf  dry  weight,  rvater,  nitrogen^  and  tish  in  a  aeries  of  Casnopcas  cf 

increasing  body-'Xceights. 


Body- 

woght. 

fresh. 

Body^ 

weight, 

diy. 

Water. 

SoUds. 

Total 
nitrogen. 

Nitrogen 
in  solids. 

Total 
ash. 

Ash  in 
solids. 

Remarks. 

p.  cL 

p.  et. 

ftmtn. 

p.  ci. 

wigtn 

p.d. 

0.402 

0.023 

94.28 

5.72 

•    •   • 

1.000 

.055 

94.50 

5.50 

■    •   • 

1.383 

.085 

93.86 

6.14 

2.77 

3.226 

•   •   « 

Average  of  3. 

1.540 

.085 

94.48 

5.52 

•    •   • 

1.786 

.113 

93.68 

6.32 

3.83 

3.402 

•   •    • 

Average  of  3. 

5.550 

.329 

94.06 

5.92 

9.80 

2.98.'$ 

•    •   • 

Average  of  2. 

5.876 

.333 

94.33 

5.67 

174 

52.10 

7.406 

.454 

93.95 

6.05 

14.56 

3.207 

8.257 

.483 

94.15 

5.85 

13.86 

2.870 

•    •   • 

0.128 

.540 

94.08 

5.92 

285 

52.78 

10.060 

.592 

94.12 

5.88 

17.78 

3.003 

■    •   • 

10.931 

.625 

94.28 

5.72 

17.40 

2.784 

10.058 

.650 

94.07 

5.93 

329 

50.62 

20.530 

1.194 
5.401 

94.19 

5.81 
4.9 

27.16 
138.59 

2.275 
2.566 

•    >   • 

■    •    • 

•   •   >   ■    • 

Mayer,  191-1. 

^.14 

100.055 

95.10 

100.641 

5.43 

95.10 

4.9 

116.58 

2.147 

•   •   • 

Mayer,  1914. 

'Average. 


PERCENTAGE  OF  WATER. 


It  18  interesting  to  note  that  the  percentage  of  water  is  practically 
identical  in  all  sizes  of  Cas^iopea  here  examined,  thus  indicating  that 
the  jelly-like  substance  of  which  the  body  of  Cassiopea  is  largely 
composed  remains  nearly  unmodified  throughout  the  life  cycle.  This  is 
in  remarkable  contrast  to  the  water-content  of  mammalian  bodies  at 
various  ages  in  which  the  younger  individuals  give  the  higher  percent- 
age of  water  and  vice  versa  (Hataii  1916). 


PERCENTAGE  OF  NITROGEN  IN  TOTAL  SOLIDS. 

The  nitrogen  in  the  total  solids  was  determined  by  the  usual  Kjeldahl 
method  and  the  results  are  given  in  table  2.  We  notice  that  despite 
the  siinilarity  of  the  water-content,  the  percentage  of  nitrogen  in  the 
solids  shows  a  progressive  decrease  with  increasing  body-weight. 
Althoui^  this  difference  in  the  relative  nitrogen-content  between  the 
smaller  and  larger  animals  is  not  very  large,  nevertheless  the  existence 


100 


PQfp€r%  frwn  the  Departmerd  cf  Marine  Biology. 


of  such  a  difference  can  not  be  doubted.  We  assume  that  this  difforenoe 
in  the  nitrogen-content  is  due  to  the  relative  abundance  of  cdlular 
dements  in  the  smaller  individuals,  contrasted  with  an  excess  of  the 
reserve  materials  composed  of  organic  substances  poc^er  in  nitrogen 
in  the  larger  individuals.  We  thus  find  that,  within  the  limits  taken, 
the  reserve  jelly-like  substance  and  cellular  elements  probably  botii 
have  the  same  water-content,  since  otherwise  the  same  percentage  of 
water  throughout  the  series  could  not  be  expected. 

PERCENTAGE  OF  ASH  IN  SOUDS. 

Since  the  percentage  of  water  is  similar  in  all  the  sises  of  Caeeiapea 
examined,  and  since  both  cellular  elements  and  reserve  materials  have 
a  like  water-content,  we  diould  anticipate  that  the  ash-content  would 
be  also  similar  in  the  several  stages,  and  the  determination  of  the  ash- 
content  on  three  individuals  supports  this  conclusion.  The  proportion 
of  ash  is  as  high  as  52  per  cent,  thus  making  the  organic  substances  less 
than  half  of  the  entire  solids. 

ANALYSIS  OF  DIFFERENT  DIVISIONS  OF  THE  BODY. 

Usii^  four  cassiopeas,  which  also  appear  in  table  2,  the  three  different 
parts  of  the  body  were  separately  analyzed.  The  results  are  shown  in 
table  3. 

Table  3. — Water-corUerUf  soUds^  and  nitrogen  in  three  different  parU  of  the  normal  Cassiopea. 


Parts. 

Weight, 
fresh. 

Weight, 
dry. 

Water. 

Sdids. 

Total 
nitrogen. 

Nitrogen 
in  solids. 

Mouth-organs 

Umbrella 

Velar  lobes 

Mouth-orsans 

Umbrella 

Velar  lobes 

Mouth-organs 

UmlH-ella 

Velar  lobes 

Mouth-organs 

Umbrdla 

Velar  lobes 

grawu. 

4.925 

2.133 

.438 

grame. 

0.311 
.118 
.025 

p.  ct. 
93.69 
94.47 
94.29 

p.  cL 
6.31 
5.53 
5.71 

mgtn, 

10.50 

2.66 

1.40 

p.cL 
3.376 
2.254 
5.600 

7.496 

.454 

93.94 

6.06 

14.56 

3.207 

5.553 

2.282 

.422 

.334 
.123 
.026 

93.99 
94.61 
93.84 

6.01 
5.39 
6.16 

9.94 
2.52 
1.40 

2.976 
2.048 
5.384 

8.257 

.483 

94.15 

5.85 

13.86 

2.870 

6.510 

2.906 

.644 

.o99 
.153 
.040 

93.87 
94.74 
93.79 

6.13 
5.26 
6.21 

12.18 
3.64 
1.96 

3.052 
2.379 
4.900 

10.060 

.592 

94.11 

5.89 

17.78 

3.003 

13.116 
6.283 
1.131 

.795 
.329 
.070 

93.94 
94.76 
93.81 

6.06 
5.24 
6.19 

18.90 
5.74 
2.52 

2.390 
1.745 
3.600 

20.530 

1.194 

94.18 

5.82 

27.16 

2.275 
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PERCENTAGE  OF  WATER. 

It  will  be  seen  that  the  i)ercentage  of  water  in  these  three  different 
parts  of  the  body  is  nearly  the  same.  The  water-content  of  the 
umbrella  is,  however,  constantly  higher  by  about  0.7  per  cent  as  con- 
trasted with  the  two  remaining  parts.  This  is  interpreted  as  probably 
due  to  the  inclusion  in  the  umbrella  of  the  contents  of  the  stomach, 
idiich  are  mainly  liquid.  The  fact  that  the  velar  lobes  (which  have  a 
large  proportion  of  cdlular  elements)  and  the  mouth-organs  (which 
have  a  large  proportion  of  reserve  jel^-like  substance)  are  practically 
identical  in  wat^-content  shows  not  only  the  same  degree  of  water 
inhibition  in  both  cells  and  reserve  substance,  but  also  an  equal  dis- 
tribution of  salts. 

PERCENTAGE  OF  NITROGEN  IN  THE  SOLIDS. 

Deqnte  the  fact  of  the  uniform  distribution  of  water  and  probably 
of  salts  in  the  body,  the  nitrc^en-contents  of  these  three  parts  are 
^ttenaat.  Table  3  eAiows  that  the  nitrogen-content  is  highest  in  the 
vdar  lobes,  where  the  cellular  elements  are  most  abundant,  while  it 
decreases  in  the  mouth-organs  and  umbrella  in  the  order  named. 
The  higher  nitrogen-content  in  the  mouth-organs,  as  compared  with 
the  umbrdla,  is  assumed  to  be  due  to  the  relatively  greater  abundance 
o(  the  cellular  elements  in  the  former.  We  can  infer  from  these  data 
that  the  ground  substance,  or  the  reserve  jelly-like  substance,  must  be 
eompoeed  of  organic  materials  poor  in  nitrogen.  I  shall  discuss  this 
point  later  in  connection  with  the  probable  chemical  nature  of  the 
reserve  material. 

The  observations  made  on  the  normal  cassiopea  may  be  sum- 
marised as  follows: 

(1)  Rdative  weights  of  mouth-organs,  umbrella,  and  velar  lobes  differ  some- 

what according  to  the  size  of  the  entire  body. 

(2)  The  water-content  of  the  entire  body,  as  well  as  of  different  parts,  is 

practically  identical  throughout  the  animal's  life  cyde,  so  far  as 
followed. 

(3)  The  percentage  of  nitrogen  in  the  solids  is  highest  in  the  smaUest  medusa 

and  the  values  decrease  progressively  with  increasing  body-weight. 
The  percentage  of  nitrogen  is  highest  m  the  velar  lobes  and  decreases 
in  the  mouth-or^ms  and  umbrella  in  the  order  named.  All  these 
observations  are  interpreted  as  indicating  that  in  the  structures  in 
which  the  cdlular  elements  are  abundant  the  nitrogen-content  tends 
to  be  high. 

(4)  The  ash-content,  like  the  water-content,  is  probably  the  same  not  only  in 

the  cassiopea  as  a  whole,  but  also  in  each  of  the  three  parts  through- 
out the  life  cyde. 
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CHEMICAL  hUTURE  OF  THE  GELATI^K)US  SUBSTA^«E  0^ 

The  chemical  nature  of  the  jelly-like  substance  (reserve  substance) 
of  various  forms  of  medusae  has  been  examined  by  several  investigators, 
but  so  far  as  I  am  aware  nothing  has  been  definitely  established  as  to 
the  chemical  nature  of  this  puzzling  structure. 

Krukenberg  (1882)  considers  this  substance  to  be  composed  of 
protein  material  which  is  easily  digested  with  either  pepsin  or  trjrpsui 
and  splits  off  leucin,  tyrosin,  and  other  substances  not  identified. 
Very  recently  Macallum  (1903)  published  his  extensive  investigations 
on  the  inorganic  constituents  of  the  medus»  Aurdia  and  Cyanea, 
and  mentions  in  the  text  that  ''the  jelly  is  constituted  of  an  ahnost 
infinitesimally  minute  network  formed  of  a  proteid.''  In  another 
place  Macallum  states  that  ''it  must  be  noted  that  the  total  amount 
of  proteid  in  Aurelia  is  very  small,  ranging  between  one-seventh  and 
one-eighth  of  1  per  cent  of  the  total  weight  of  the  organism/'  but  in  no 
place  in  the  paper  does  Macallum  mention  either  the  kind  of  protein 
present  or  give  any  analytical  data  to  diow  how  he  determined  the 
quantity  of  this  protein.  There  are  also  some  chemical  observations 
of  a  qualitative  nature  made  by  Schulze  in  1856  and  by  Schlossberger 
in  1856.  Vernon  (1895),  who  made  extensive  observations  on  the 
phenomena  of  respiratory  exchange  in  various  marine  invertebrates, 
thinks  that  "the  solid  organic  constituents  may  not  consist  by  any 
means  of  pure  proteid.'' 

From  the  above  we  see  that  the  true  nature  of  the  jelly  or  ground 
substance  of  the  medus»  is  not  determined ;  this  makes  it  difficult  to 
interpret  the  various  changes  noted  in  the  present  experiments.  It  is  at 
once  evident,  however,  that  the  solids  can  not  be  constituted  as  a  whole 
by  the  ordinary  protein,  since  the  latter  usually  yields  nitrogen  to  the 
extent  of  12  to  18  per  cent,  contrasted  with  3  per  cent  in  the  dried 
Cassiopea. 

Even  if  we  calculate  the  nitrogen  in  ash-free  solids,  the  value  rises 
no  higher  than  6  per  cent;  but  this  nitrogen  value  (about  6  per  cent)  is 
interesting  in  view  of  the  fact  that  it  is  the  value  found  by  Schloss- 
berger (1856)  for  the  chitinous  substance.  Although  the  nitrogen- 
content  in  the  solids  alone  is  not  adequate  to  show  that  we  are  dealing 
with  a  chitin-like  substance,  yet  recent  investigations  by  Henze 
(1908)  on  the  identity  of  the  framework  of  siphonophorse  with  chitin 
and,  further,  the  wide  occurrence  of  chitin  in  numerous  marine  inver- 
tebrates as  shown  by  Irwin  (see  Armstrong,  1912)  indicate  that  the 
ground-substance  of  the  medusse  might  be  similar.  If  this  supposi- 
tion turns  out  to  be  true,  its  biological  significance  becomes  at  once 
evident,  since  chitin  is  closely  related  to  mucin,  which  in  tiurn  is  closely 
related  to  the  cartilage  of  the  vertebrate  skeleton. 
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EXPERINENT5  ON  STARVATION. 

LOSS  OF  WEIGHT  IN  STARVING  CASSIOPEA. 

it  freehly  caught  nonnal  cassiopeas  having  different  body-weights 
were  subjected  to  starvation  by  placing  them  in  filtered  sea-water. 
The  filtration  was  effected  with  all  the  precautions  adopted  by  Mayer 
(1914)  and  the  water  (4,500  c.c.)  in  the  vessel  was  changed  once  every 
day.  The  i)eriod  of  starvation  was  21  days  and  the  body-weights  were 
taken  every  day  for  the  first  6  days  and  then  at  10  and  21  days.  The 
loss  of  weight  is  shown  in  table  4. 


Table  4.— 

LoM  rf  weight  in 

i  starving  Casnopeas. 

SeruilNo. 

Body-weight  of  specimen. 

June  28, 
Oday. 

June  29, 
1  day. 

June  30. 
2da3r8. 

July  1 
3  dayb. 

July  2. 
4  days. 

July  3. 
5  days. 

July  4. 
6  days. 

July  8, 
10  days. 

July  19. 
21  days. 

3.. 
2.. 
1.. 

4.. 
5.. 
7.. 

6.. 

8. 

To 

ffTotntm 
164.15 
156.01 
152.09 

141.48 
133.42 
132.05 

gratiu, 
131.20 
123.25 
120.42 

grama, 
123.32 
115.91 
110.64 

grotnt* 
117.19 
109.43 
100.29 

grtunt. 

113.80 

102.41 

95.00 

groMM, 

104.48 

95.10 

88.24 

qtwum. 
99.34 
90.40 
83.32 

gratna, 
62.50 
53.39 
47.80 

Average  . . 
Per  cent .  . 

157.42 
100.00 

135.65 
86.17 

124.95 
79.38 

116.62 
74.08 

108.97 
69.22 

103.74 
65.90 

95.94 
60.95 

91.02 
57.82 

54.56 
34.66 

97.37 
71.60 
58.89 

85.53 
64.23 
51.42 

79.38 
61.78 
49.57 

71.59 
58.76 
47.01 

68.80 
54.22 
44.53 

64.27 
49.97 
40.85 

57.45 
44.20 
36.09 

48.74 
36.20 
29.17 

26.35 
17.51 
16.53 

Average  . . 
Per  cent . . 

75.92 
100.00 

67.06 
88.33 

63.57 
83.74 

59.12 

77.87 

55.85 
73.57 

51.70 
68.10 

45.91 
60.47 

38.04 
50.10 

20.13 
26.52 

41.08 
29.46 

35.54 
24.99 

33.46 
23.75 

30.72 
21.94 

28.99 
18.47 

27.01 
15.98 

24.58 
15.41 

18.73 
13.01 

9.22 
5.83 

Avenee  . . 
Per  cent . . 

tal  average., 
r  cent 

35.27 
100.00 

30.26 
86.08 

28.01 
81.12 

26.33 
74.65 

23.73 
67.28 

21.49 
60.93 

20.00 
56.71 

15.86 
44.97 

7.52 
21.33 

96.32 
100.00 

83.58 
86.77 

77.85 
80.83 

72.49 
75.26 

67.74 
70.34 

63.66 
66.19 

58.19 
60.42 

52.36 
54.36 

29.97 
31.11 

These  eight  cassiopeas  were  divided  into  three  groups  composed  of 
the  three  largest,  the  three  medium,  and  the  two  smallest  individuals 
req)ectively.  The  object  of  such  grouping  was  to  see  whether  or  not 
the  loss  differed  according  to  the  size  of  the  animal.  Table  4  shows  a 
distinct  difference  in  the  loss  according  to  the  initial  body-weight.  In 
general,  the  smaller  cassiopeas  lost  relatively  much  more  than  did  the 
larger  (see  table  5).  This  result  agrees  with  the  results  found  for  the 
starving  vertd[>rates.  It  is  remarkable,  however,  that  cassiopeas  after 
losing  nearly  62  to  80  per  cent  of  their  initial  body-weight  appear  in 
no  req)ect  different  from  the  nonnal  cassiopea  of  similar  body-weight. 
It  is  very  difficult  to  distinguish  the  starved  from  the  nonnal  by  merely 
looking  at  them  \inless  the  velar  lobes  happen  to  be  turned  upward — 
as  occurs  in  some  of  the  cassiopeas  after  several  days  of  starvation. 
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Mayer  (1914)  found  a  siinple  law  which  governs  the  loss  of  wei^^t  in 
starving  cassiopea.    The  law  is  represented  by  the  following  formula 

y-ira-a)' 

where  Y  represents  body-weight  W  after  x  days  of  starvation,  and 
a  stands  for  the  constant  that  gives  a  fair  measure  of  the  rate  of  loss 
of  wei^t.  Mayer  calls  this  constant  a  the  coefficient  of  negative 
metabolism,  since  a  increases  as  the  loss  of  wei^^t  increases. 

Extensive  data  given  by  Mayer  show  that  this  formula  accords 
satisfactorily  with  his  observed  data.  The  starved  cassiopeas  in  my 
hands  showed,  however,  a  sharp  drop  in  the  body-wei^^t  within  24 
hours  after  commencing  starvation;  thus  the  succeeding  body-wdt^ts 
were  altogether  too  low  as  compared  with  the  calculated  values,  when 
this  formula  was  applied.  Assuming  that  the  initial  sudden  loss  in 
wei^t  was  due  to  some  peculiar  conditions  not  understood  at  present 
(possibly  the  escape  of  algse,  etc.),  I  have  taken  the  body-wei^^t,  83*58 
grams  (see  table  4),  one  day  after  starvation,  as  the  starting-point,  and 
computed  the  successive  losses  of  weight  according  to  the  formula^ 


»-i 


7=83.68(1-0.06) 

Table  6  shows  the  observed  losses  of  body-weights  (from  table  4) 
compared  with  those  calculated  by  the  revised  formula. 

Tabub  5. 


Dft3r8. 

Obaerved 
body-wdght. 

Calculated 
body-weight. 

Days. 

ObBenred 
body-weight. 

Calculated 
body-weight. 

1 
2 
3 

4 

gromt, 
83.58 
77.85 
72.49 
67.74 

Oram$, 
83.58 
79.40 
75.43 
71.66 

5 

6 

10 

21 

grotnt. 
63.66 
58.19 
52.36 
29.97 

grams. 
68.08 
64.68 
52.68 
29.97 

By  this  modification  the  agreement  between  the  observed  and 
calculated  values  becomes  much  more  satisfactory.  The  somewhat 
lower  body-weight  obtained  in  the  present  experiment  as  compared 
with  that  calculated  was  probably  due  to  the  frequent  handling  of  ibe 
animal  in  order  to  determine  the  body-weight  daily.  The  removal 
of  the  adherent  moisture  with  filter  paper  previous  to  weighing  is 
certainly  severe  treatment  for  the  delicate  medusan  body.  It  is  there- 
fore rather  a  surprise  to  find  that  the  formula,  which  has  no  additional 
provision  for  the  various  experimental  conditions  except  the  two  fac- 
tors (number  of  days  and  initial  body-wei^^ts),  can  represent  so  closely 
the  data  here  obtained. 


^The  diacrepancy  between  my  formula  and  that  of  Mayer  ia  due  to  the  fact  that  Mayer  did 
not  eommence  hia  obeei  v  ations  until  after  the  caMopeaa  had  remained  in  aquaria  in  the  laboratoiy 
for  one  day  (24  hours),  and  thus  until  after  all  undigested  food  had  been  discharged  from  the 
medusa.  The  considerable  loss  during  the  first  day  is  largely  due  to  this  fact,  and  also  to  the  loM 
of  mwAk  dime  soon  after  being  captured. 
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ANALYSIS  OF  STARVED  CASSIOPEA. 

Soon  af tmr  the  final  body-weights  were  detennined  the  specimens 
were  dried  in  an  oven  for  three  days  in  order  to  drive  out  most  of  the 
nuHsture,  and  then  were  brought  back  to  the  Wistar  Institute,  where 
the  final  drying  process  was  completed  two  weeks  lat^  at  05^  to  97^  G. 
The  analysis  was  then  made  and  the  results  are  shown  in  table  6. 


Table  6. — Lan  in  hody^weighl  and  rdaUont  of  tvaUr,  solidB,  and  nitrogen  in 

the  tUxrved  CastiopeoB. 


Serial 
No. 

Initial 

Final 

Weight 

Total 

Nitro- 

body- 

body- 

Loss. 

of  dry 

Water. 

Solids. 

nitro- 

gen in 

wdgfat. 

weight. 

solids. 

gen* 

solids. 

0TOM9* 

Qfa$ii9. 

p,  et. 

p,ct. 

p.ct. 

mQtn, 

p.cL 

8 

29.455 

5.829 

80.21 

0.305 

94.77 

5.23 

11.06 

3.626 

6 

41.061 

9.217 

77.56 

.467 

94.93 

5.07 

13.58 

2.903 

7 

58.885 

16.534 

71.92 

.847 

94.88 

5.12 

28.56 

3.372 

5 

71.500 

17.507 

75.52 

.970 

94.46 

5.54 

4 

97.372 

26.351 

72.94 

1.352 

94.87 

5.13 

39.62 

2.930 

1 

152.092 

47.798 

68.57 

2.391 

94.99 

5.01 

61.60 

2.576 

2 

156.010 

53.991 

65.39 

2.630 

95.13 

4.87 

61.88 

2.353 

3 

164.145 

62.495 

61.92 

3.107 

95.03 

4.97 

82.46 

2.654 

>96.317 

^29.965 

»71.75 

^.88 

•  •  •  • 

^Averaged  values. 
PERCENTAGE  OF  WATER. 

The  percentage  of  water  is  practically  identical  in  the  starved  cassio- 
Iieas  of  all  sizes,  and  the  average  value  is  94.88  per  cent,  which  is 
slic^tly  hij^er  (0.73  per  cait)  than  the  average  values  obtained  from 
the  normal  cassiopea.  A  pajrt  of  this  difference  may  be  explained  by 
the  fact  of  the  more  complete  drying  of  the  starved  medusa  under  the 
favOTable  conditions  of  the  Institute  laboratory  as  compared  with  the 
diflScult  conditions  at  the  Tortugas.  However,  as  the  data  given  by 
Mayer  also  show  a  slight  difference  in  the  water-content  between  the 
normal  (95.1  per  cent)  and  starved  (95.3  per  cent),  it  seems  reasonable 
to  c<mclude  that  starvation  tends  to  give  a  slightly  higher  percentage  of 
water. 

PERCENTAGE  OF  NITROGEN  IN  THE  SOLIDS. 

As  in  the  case  of  the  normal  cassiopea,  the  nitrogen-content  is  highest 
in  the  smaller  animals  and  tends  to  decrease  with  increasing  body- 
wdt^t.  The  value  of  the  nitrogen  is,  however,  much  higher  in  the 
starved  cassiopea  than  in  the  normal  cassiopea  of  similar  body-weight 
(see  table  7). 

Thus,  5.56  grams  of  the  normal  series  gives  2.98  per  cait  of  nitrogen 
contrasted  with  3.63  per  cent  of  nitrogen  in  the  starved  cassiopea  having 
a  body-weight  of  5.83  grams.  Such  a  relation  is  clearly  shown  in  the 
majority  of  cases.  It  is  hij^y  interesting  to  observe  that  the  percentage 
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of  nitrogen  is  notably  high  for  the  final  starved  body-weight  when  com- 
pared with  that  in  the  control  with  a  similar  body-wdg^t  (table  7),  but  it 
is  much  lower  for  the  initial  unstarved  body-weight,  as  will  be  seen  from 
the  extremely  low  percentage  of  nitrogen  when  calculation  was  made  in 
respect  to  the  initial  body-weight  instead  of  the  final  (see  table  7,  sixtii 
column) .  This  indicates  clearly  that  during  starvation  the  animal  has 
utilised  a  considerable  amount  of  the  nitrogenous  substances — a  conclu- 
sion which  is  important,  as  it  answers  the  main  question  before  us  and 
brings  Cassiopea  in  line  with  the  vertebrates  in  its  reaction  to  starvation 
conditions.  It  is  highly  probable  that  some  fraction  of  the  nitrogen  uti- 
lized may  represent  that  of  the  cellular  substance.    Mayer  (1914)  noted, 

Table  7. — PercerUage  of  mtrooen  in  the  nonrnd  Casnopea  compared  with  that 

in  the  starved  Cauiopea. 


Normal. 

Starved. 

Rbmabks. 

In  calculating  the  percent- 
age of  nitrogen  in  columns 
(2),  (3).  (6),  the  soUds  were 
estimated  by  assuming  that 
the  94.16  per  cent  of  fresh 
body-weight   is   represented 
by    the    water.    The    total 
nitrogen  in  milligrams  found 
in  the  solids  of  the  starved 
oassiopeas     was     compared 
with  the  solids  thus  obtained 
at  the  beginning  of  the  star- 
vation experiment  and   the 
percentage  values  were  then 
computed. 

Body- 
weight. 

Nitro- 
gen in 
solids. 

Nitro- 
gen in 
solids. 

Body- 
weight, 
final. 

Body- 
weight, 
initial. 

Nitro- 
gen in 
solids. 

gjufns. 

5.56 

10.06 

»15.73 

n09.35 

(1) 

p.  ct. 
2.98 
3.00 
2.53 
2.36 

(2) 

p.  ct. 
3.63 
2.90 
3.37 
2.65 

(3) 

grams. 

5.83 

9.22 

16.53 

62.50 

(4) 

gramt. 
29.46 
41.08 
58.89 

164.15 

(5) 

p.  d. 

0.64 
.56 
.82 

.86 

'Average  of  two  cassiopeas. 


*Data  given  by  Mayer  (1914). 


from  the  sections  made  on  the  starved  cassiopea,  not  only  reduced  cell 
size,  but  also  many  degenerated  cell-bodies,  and  there  was  evidence  also 
of  a  complete  disappearance  of  some  of  the  cellular  elements.  Mayer 
found  also  a  vacuolated  condition  of  the  gelatinous  substance  accom- 
panied by  a  greater  loss  of  the  muscular  tonus.  The  chemical  altera- 
tions noted  above  accord  with  his  findings. 

Mayer  concluded  that  the  percentage  of  nitrogen  in  the  solids  is 
independent  of  the  period  of  starvation  and  is  practically  identical  with 
that  obtained  from  the  non-starved  cassiopea.  I  have,  however, 
found,  as  stated  above,  that  starvation  tends  to  increase  not  only  the 
percentage  of  nitrogen  in  the  solids,  but  also  that  the  absolute  amount 
of  nitrogen  shows  an  increase  when  the  starved  cassiopeas  were  com- 
pared with  the  normals  having  the  same  body-weight.  The  discrep- 
ancy between  the  conclusions  drawn  by  Mayer  and  by  myself  is,  I 
believe,  due  to  the  fact  that  Mayer's  observations  were  limited  to  the 
larger  cassiopeas  (body-weights  over  100  grams)  in  which  the  percent- 
age of  nitrogen  in  the  solids  shows  little  variation  following  the  large 
variations  of  the  body-weight,  while  the  variations  in  the  nitrogen  are 
quite  noticeable  in  the  cassiopeas  of  smaller  size.    I  may  add  here  that 
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the  data  ^ven  by  Mayer^  show  also  a  slight  indication  of  a  difference 
in  the  nitrogen-content  between  the  normal  and  starved  cassiopeas; 
thus  the  nitrogen-content  in  the  normal  is  2.35  per  cent  for  a  body- 

Tabub  8. — Data  on  the  eonUnt  of  water ^  eolide,  and  nitrogen  in  three  parte  of  etarved  Caeeiopeae, 


Serial 
No. 

Pftrta. 

Weight, 
fresh. 

Weight, 
dry. 

Water. 

SoUds. 

Total 
nitro- 
gen. 

Nitro- 
gen in 
solids. 

8 
6 
7 
4 
1 
2 
3 
6 

Moiith-orians 

Umbrella 

grame. 

2.847 

2.320 

.662 

0WtU. 

0.164 
.118 
.033 

p.  et. 
04.60 
04.01 
06.16 

p.  et. 
6.41 
6.09 
4.84 

tngm. 
6.60 
3.64 
1.82 

p.  et. 
3.636 
3.085 
5.616 

Velar  lobes 

Total 

Mouth-oiiaiit 

Umbrella 

6.829 

.306 

94.77 

5.23 

11.06 

3.626 

6.249 

3.296 

.672 

.269 
.160 
.038 

94.88 
95.16 
94.36 

6.12 
4.85 
5.66 

7.98 
3.78 
1.82 

2.966 
2.300 
4.789 

Velar  lobes 

Total 

Moath-offiaiia 

Umbrella 

9.217 

.467 

94.93 

6.07 

13.68 

2.903 

9.662 
6.661 
1.421 

.600 
.262 
.076 

94.67 
96.29 
94.66 

6.33 
4.71 
6.36 

18.48 
6.72 
3.36 

3.631 
2.566 
4.421 

Velar  lobes 

Total 

Moiitli-<»saiia 

Umbrella 

16.634 

.847 

94.88 

6.12 

28.56 

3.372 

16.122 
8.193 
2.036 

.826 
.412 
.116 

94.88 
94.97 
94.36 

6.12 
6.03 
6.66 

23.66 

10.92 

6.04 

2.868 
2.650 
4.382 

Velar  lobee 

Total 

Moiitli-<»saiia 

Umbrella 

26.361 

1.362 

94.87 

6.13 

39.62 

2.930 

26.669 

19.420 

1.709 

1.336 
.064 
.102 

94.99 
96.09 
94.03 

6.01 
4.91 
6.97 

36.42 

21.00 

6.18 

2.663 
2.201 
6.078 

Velar  lobes 

Total 

Mouth-orsans 

Umbrella 

47.798 

2.301 

94.99 

6.01 

61.60 

2.676 

31.398 

18.683 

3.910 

1.620 
.881 
.210 

06.13 
06.23 
04.63 

4.87 
4.77 
6.37 

36.82 

17.92 

7.14 

2.408 
2.011 
3.400 

Velar  lobes 

Total 

Mouth-organs 

Umbrella 

63.991 

2.630 

06.13 

4.87 

61.88 

2.368 

2.726 
2.192 
4.040 

36.214 

21.796 

4.486 

1.813 

1.041 

.263 

04.00 
06.22 
04.36 

6.01 
4.78 
6.64 

49.42 
22.82 
10.22 

Velar  lobes 

Total 

Moath-orgaDs 

Umbrella 

62.406 

3.107 

06.08 

4.97 

82.46 

2.664 

9.212 
7.207 

•  Wo 

.606 
.367 
.061 

04.61 
04.08 
03.88 

6.49 
6.02 
6.11 

Velar  lobes 

Total 

17.607 

.034 

04.46 

6.64 

weii^t  of  109.3  grams,  while  the  starved  gives  2.47  per  cent  of  nitrogen 
for  a  final  body-weight  o(  92 A  grams.  These  differences  agree  with  my 
own  findings* 

'Ifajrer,  A.  G.    1914.    The  law  governing  the  lost  ci  weight  in  starving  Caeeiopea.    Carnegie 
iMi.  Waab.  Pub.  No.  188,  toble  2,  p.  60. 
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I  axn  thus  inclined  to  believe  that  even  these  larger  cassiopeas  may 
show  a  significant  degree  of  alteration  after  a  longer  period  of  starva- 
tion than  that  given  them  by  Mayer,  and  when  the  animals  have  lost 
80  per  cent  or  so  of  their  initial  body-weight. 

ANALYSIS  OF  THE  DIVISIONS  OF  THE  STARVED  CASSIOPEA. 

Various  determinations  made  on  the  different  parts  of  the  body 
show  that  the  water-content  is  practically  identical  in  all  the  starved 
cassiopeas.  Here  also,  as  in  the  case  of  the  normal  animal,  the  um- 
brella gives  a  slightly  higher  water  value,  owing  possibly  to  the  inclu- 
sion of  the  stomach  contents  (water).  The  percentage  of  nitrogen  in 
the  solids  also  shows  relations  similar  to  those  in  the  normal  cassiopea; 
that  is,  the  nitrogen-content  is  highest  in  the  velar  lobes  and  lowest 
in  the  umbrella,  while  that  for  the  mouth-organs  occupies  an  inter- 
mediate position. 

I  have  shown  (in  table  6)  the  loss  of  weight  in  body  as  the  result  of 
21  days  of  starvation.  We  noted  that  in  this  series  the  cassiopeas  lost 
on  the  average  as  much  as  72  per  cent  of  their  initial  weight,  but  as  to 
whether  they  lost  in  weight  proportionaUy  in  the  different  divisions 
of  the  body,  or  whether  the  loss  was  otherwise  distributed  in  the  three 
parts,  I  have  found  the  following  relations: 

For  a  final  starved  body-weight  of  29.97  grams  (table  6)  the  relative 
weights  of  the  mouth-organs,  umbrella,  and  velum  are  18,  10,  and  2 
grams,  respectively,  when  read  from  figure  1,  while  the  corresponding 
observed  weights  were  17.16,  10.82,  and  1.99  grams.  Reducing  these 
relative  weights  to  ratios  we  obtain  for  the  body-weight  of  29.97  grams 

From  figure  1,  9: 5: 1  From  observations,  8.6: 5.4: 1 

For  the  initial  body-weight  of  96.32  grams  (table  6)  of  the  animals 
subsequently  starved  to  the  weight  just  noted  the  ratios  (from  fig.  1) 
are  8:5: 1.  Considering  the  conditions  under  which  the  comparison 
of  these  data  are  made,  these  three  ratios  may  be  regarded  as  equiva- 
lent and  show  that  the  three  parts  of  the  body  have,  as  it  were,  reversed 
the  process  of  growth  during  starvation.  The  strictly  proportional 
loss  in  these  three  parts  accounts  for  the  normal  appearance  of  the 
animals,  even  after  they  have  lost  as  much  as  62  to  80  per  cent  of  their 
original  weight. 

The  statement  made  in  my  preliminary  report  (1916)  that  "in  the 
starved  cassiopese  the  relative  weights  of  the  three  parts  coincide  with 
those  given  by  the  normal  cassiopea,  which  have  a  body-weight  similar 
to  the  starved  cassiopea  at  the  end  of  the  test,  and  not  to  the  relative 
weights  at  the  beginning  of  the  experiment,"  should  therefore  be 
changed  to  a  more  general  statement  by  omitting  "and  not  to  the 
relative  weights  at  the  beginning  of  the  experiment,"  since  the  devia- 
tions of  the  proportional  values  after  starvation  are  so  slight,  whether 
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these  are  compared  with  the  proportions  given  by  the  normal  examples 
having  either  the  final  or  initial  body-weights.  More  exact  state- 
ments can  be  made  after  we  have  obtahied  a  large  nimiber  of  data  on 
both  the  normal  and  starved  specimens. 

Briefly  summarized,  the  results  of  the  observations  made  on  the 
starved  cassiopea  are  as  follows: 

(1)  In  general  the  smaller  cassiopea  loses  relatively  more  in  weight  than  does 

the  larger  cassiopea. 

(2)  The  percentage  of  water  found  in  the  entire  body,  as  well  as  in  the  three 

different  parts,  is  nearly  the  same  in  all  sizes  of  cassiopea.  However, 
the  values  of  the  water-content  in  the  starved  appear  to  be  slightly 
higher  than  that  found  in  the  normal  cassiopea. 

(3)  The  nitrogen-content  of  the  entire  body  is  higher  in  the  small  than  in  the 

larger  cassiopea,  as  in  the  case  of  the  normal  animals. 

(4)  However,  the  absolute  amount  of  nitrogen  found  in  the  starved  cassiopea 

is  considerably  higher  than  in  the  normal  having  the  same  body- 
weight.  It  was  noted  also  that,  although  high  when  compared  with 
a  normal  specimen  equal  in  weight  to  the  starved  animal,  it  is  very 
low  for  the  initial  body-weight  of  the  starved  animal.  This  shows 
that  the  nitrogen  has  also  been  consumed  during  the  period  of 
starvation. 

(5)  The  nitrogen-contents  for  the  different  parts  of  the  body  are  similar  in 

their  relations  to  those  found  in  the  normal  cassiopea. 

(6)  The  loss  in  weight  of  the  different  parts  is  of  such  a  character  that  their 

proportion  in  the  starved  remain  similar  to  those  in  the  normal 
cassiopea. 
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THE  HABITS  AND  REACTIONS  OF  A  COMATULID, 

TROPIOMETRA  CARINATA. 


Bt  Hubert  Ltmax  Clark. 


INTRODUCTION. 

One  of  the  most  interesting  echinoderms  taken  during  the  recent 
visit  of  the  Carnegie  Institution's  party  to  Tobago  (March  and  April 
1916)  was  the  comatulid  Tropiometra  carinata  (Lamarck).  This  crin- 
oid  was  common  in  Buccoo  Bay,  and  while  Dr.  Mortensen  successfully 
undertook  the  study  of  its  development,  I  made  such  observations  on 
its  habits  and  reactions  as  time  and  circumstances  permitted.  The 
habitat  of  most  of  the  individuals  noted  was  so  completely  different 
from  any  in  which  we  had  previously  seen  comatuhds  that  we  naturally 
inferred  the  reactions  would  differ  markedly  from  those  of  the  species 
studied  in  Torres  Strait.^  I  therefore  performed  a  few  simple  experi- 
ments, the  results  of  which  are  here  recorded,  together  with  such 
observations  as  were  made  on  the  animal  in  its  natural  environment. 

SYSTEMATIC  POSITION. 

Comparison  of  the  comatulids  taken  at  Tobago  with  a  considerable 
series  of  specimens  from  several  stations  on  the  Brazilian  coast,  south 
of  the  Amazon,  shows  that  they  are  unquestionably  identical.  For 
this  Brazilian  species,  Mr.  A.  H.  Clark  has  revived  an  old  name  of 
Gay's,  ptcta,  regarding  it  as  ''a  perfectly  good  species,"  ''most  obvi- 
ously differing  from  carinata  in  the  greater  length  of  the  outer  cirrus 
segments''  (Proc.  U.  S.  Nat.  Mus.  1911,  vol.  40,  pp.  35,  36).  On  com- 
paring the  Brazilian  and  Tobagoan  material  with  specimens  from 
Mauritius  and  Zanzibar,  I  was  utterly  unable  to  detect  any  differences, 
either  in  the  cirri  or  in  any  other  characters.  On  writing  to  Mr.  Clark 
of  my  difficulties,  he  very  kindly  replied  that  while  the  species  of 
Tropiometra  are  very  difficult  to  distinguish,  he  finds  ''no  difficulty  in 
distinguishing"  the  group  in  which  he  places  picta  from  that  in  which 
he  places  carinata,  "by  the  difference  in  length  of  the  outer  cirrus  seg- 
ments." On  receipt  of  his  letter,  I  went  over  the  cirri  again,  but  I 
found  myself  absolutely  unable  to  detect  the  difference  named.  I 
have  therefore  very  reluctantly  reached  the  conclusion  that  I  can  not 
recognize  picta  as  a  valid  species,  but  must  designate  my  Tobagoan 
comatulids  by  their  old  Lamarckian  name. 

iConiatuUdt  of  Torros  Stndt  H.  L.  CUrk,  Caraecle  Inst.  Wash.  Pub.  No.  212.  pp.  95-126, 
1915. 
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HABITAT. 

We  first  found  Tropiametra  in  Buccoo  Bay,  where  it  occiirs  in  water 
from  a  few  inches  to  several  feet  in  depth  at  low  tide;  indeed,  at  the 
lowest  tides  some  individuals  are  probably  out  of  the  water,  in  part 
at  least,  for  a  short  time.  The  bottom  which  they  frequent  is  made 
up  largely  of  Porites  fragments,  usually  more  or  less  covered  by  a 
growth  of  CaraUina  and  Haltmeda.  Scattered  over  it  there  is  also  a 
sparse  growth  of  short  eelgrass  (Zostera).  As  a  rule  the  comatulids 
hold  themselves  in  an  erect  position  by  means  of  their  stout  cirri,  which 
are  customarily  grasping  a  bit  of  Porites.  Sometimes  the  body  is  more 
or  less  completely  shaded  by  a  cliunp  of  eelgrass  or  seaweed,  but  this 
is  not  usually  the  case.  Generally  the  individuals  are  solitary,  but 
occasionally  five  or  six  may  be  found  about  a  single  clump  of  Porites 
or  of  eelgrass.  They  are  not  really  abundant,  but  twenty  or  more 
may  be  gathered  in  half  an  hour  or  less.  Now  and  then  we  found 
individuals  living  underneath  slabs  and  large  fragments  of  coral;  this 
was  particularly  true  on  Buccoo  Reef,  where,  later,  a  niunber  of  speci- 
mens were  discovered.  All  were  in  shaded  places,  suspended  arms 
down,  and  not  in  the  usual  erect  position. 

COLOR  AND  SIZE. 

The  first  specimens  of  Tropiametra  seen  appeared  to  be  uniformly 
dark  purple,  purplish-brown,  reddish-brown,  or  bright  brown,  but  a 
closer  examination  showed  that  uniform  coloring  was  very  rare. 
Almost  always  a  longitudinal  dorsal  stripe  on  each  arm,  or  transverse 
bands  of  more  or  less  width,  or  both,  are  present.  The  color  of  these 
markings  is  yellow  of  some  shade,  often  dull  and  buffy,  but  not  rarely 
quite  bright.  In  some  individuals  the  pinnules  are  also  cross-banded 
with  yellow,  and  the  distal  pinnules  may  be  uniformly  brownish  yellow. 
The  cirri  are  yellow  brown,  at  least  dorsally,  but  are  often  more  or  less 
dusky  or  purplish  on  the  oral  surface;  in  nearly  all  individuals,  how- 
ever, both  young  and  old,  the  terminal  two  or  three  s^ments  (except 
the  claw)  have  a  dusky  spot  on  the  oral  side.  This  marking  seems 
to  be  a  very  constant  character  in  Tobagoan  specimens.  Occasional 
individuals  are  found  in  which  the  pinnules  and  dorsal  side  of  the  arms 
are  plenteously  besprinkled  with  silvery-white,  giving  them  an  excep- 
tionally handsome  appearance. 

All  of  the  small  specimens  found  were  brownish-yellow  or  bright 
brown,  more  or  less  marked  and  banded  with  purple,  and  this  general 
coloration  is  not  rare  in  adults,  particularly  in  those  foimd  under  slabs 
of  rock  on  Buccoo  Reef  and  in  similar  shaded  places.  Some  of  these 
individuals  were  very  handsome  in  their  brilliant  array  of  purple  and 
gold,  and  it  was  hard  to  believe  they  were  really  identical  with  the 
dull-colored  specimens  from  the  shallows  of  Buccoo  Bay.    A  natural 
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inference  from  the  specimens  seen  is  that  the  young  are  uniformly 
ydlo¥r^  or  brownish-yellow,  and  that  the  purple  pigment  develops  as 
they  mature,  in  some  individuals  completely  obliterating  the  original 
color,  but  usually  appearing  simply  as  spots,  blotches,  and  cross-bands. 
One  could  scarcely  avoid  the  impression  that  the  development  of  the 
pigment  is  associated  with  life  in  the  open  sunlight,  but  there  was  no 
chance  to  secure  an  answer  to  the  interesting  question  which  suggests 
itself:  Do  the  bright-colored  individuals  avoid  the  sun  because  they 
lack  pigment  or  do  they  lack  pigment  because  they  have  never  lived 
exposed  to  the  sun? 

Several  very  small  individuals  were  found  under  rocks  on  Buccoo 
Reef,  but  the  smallest  one  seen  (having  arms  about  18  mm.  long)  was 
discovered  in  a  clump  of  CoraUtna.  The  largest  specimen  measured 
had  an  arm-length  of  nearly  100  mm.,  and  a  few  specimens  exceeded 
that,  but  the  great  majority  had  arms  60  to  80  mm.  long.  No  speci- 
mens with  more  or  fewer  than  ten  arms  were  noted,  in  more  than  200 
examined,  but  several  cases  of  arms  forked  distally  were  seen  and  in 
one  case  a  forked  pinnule  was  noted.  As  a  rule  the  arms  were  approxi- 
mately equal,  but  in  some  individuals  those  of  one  side  were  distinctly 
shorter  than  the  others.  In  such  cases,  however,  it  was  usually  obvious 
that  the  short  arms  were  regenerating. 

FOOD. 

Althou^  some  individuals  live  suspended  under  rocks  with  the 
mouth  down,  while  the  great  majority  are  erect  with  the  opening 
upwards,  the  character  of  the  food  is  in  all  cases  planktonic — ^that  is, 
it  does  not  consist  of  such  organic  matter  as  happens  to  fall  on  the 
disk  and  arms,  but  is  made  up  of  the  living,  active  plankton.  When 
examined  under  the  microscope,  the  stomach  contents  are  seen  to 
consist  of  a  mixture  of  vegetable  and  animal  food,  the  former  pre- 
dominating. 

The  plants  are  diatoms  and  unicellular  green  algsB,  with  occasional 
fragments  of  other  seaweeds.  The  condition  of  the  green  algsa  showed 
that  most,  if  not  all,  were  ingested  while  living,  and  the  same  seemed 
to  be  true  of  the  diatoms.  Of  animals,  Crustacea  were  most  frequently 
noted,  but  a  few  foraminifera  were  also  seen.  The  crustaceans  were 
minute  amphipods,  copepods,  and  crab  zoseas,  and  all  were  in  such 
condition  as  to  leave  no  doubt  that  they  were  alive  when  ingested. 
Just  hdw  such  active  animals  are  actually  captured  and  forced  into  the 
mouth  is  not  clear.  As  compared  with  the  comatulids  studied  in 
Torres  Strait,  Tropiometra  shows  an  unusual  proportion  of  animal  food 
in  its  diet,  but  this  may  of  course  be  purely  a  local  or  seasonal  matter. 

^In  fupport  of  A.  H.  Clark '■  views  on  the  color  of  young  orinoids.    See  Geog.  Jour.  London. 
Deo.  1906,  p.  606. 
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LOCOMOTION. 

Like  most  of  the  comatulids  hitherto  studied,  Tropiometra  is  exceed- 
ingly sluggish.  So  far  as  my  observations  go,  it  never  swims.  Dropped 
or  suspended  in  deep  water,  it  makes  only  the  most  feeble  arm-move- 
ments and,  unless  artificially  prevented,  it  sinks  rapidly  to  the  bottom. 
When,  as  a  result  of  some  adequate  stimulus,  Tropiometra  does  move, 
the  movement  is  similar  to  that  of  Comanthua.  That  is,  it  is  accom- 
plished solely  by  means  of  the  arms,  and  no  particular  arms  take  pre- 
cedence in  the  matter.  In  one  respect  the  attitude  differs  from  that 
of  ComarUhus,  for  the  body  is  much  more  distinctly  raised.  This  is 
obviously  to  keep  the  cirri  wholly  above  the  substratiun  and  thus 
prevent  their  accidentally  catching  on  it.  The  movement  is  always 
slow  and  labored  and  does  not  continue  long.  When  overturned  so 
that  the  cirri  are  up,  a  normal  healthy  Tropiometra  invariably  rights 
itself  at  once,  sometimes  only  very  slowly  and  deliberately,  but  usually 
without  delay.  The  process  is,  as  in  other  comatulids,  by  several 
arms  raising  up  their  side  of  the  body  until  one  or  more  of  them  or 
some  of  the  neighboring  arms  can  reach  over  backwards  and  secure 
a  hold  which  will  enable  them  to  pull  the  body  over.  The  cirri  play 
no  part  whatever  in  this  process,  any  more  than  in  actual  locomotion ; 
they  are  very  inert,  move  slowly  and  slightly,  and  are  used  only  as 
organs  of  attachment,  a  purpose  which  they  serve  admirably.  The 
pinnules,  even  near  the  tip  of  the  arm,  have  only  weakly  hooked  tips 
and  are  but  slightly  viscid,  and  it  is  consequently  difficult  for  Tropio- 
metra to  move  or  even  to  right  itself  except  on  a  rou^  and  rather  firm 
surface.  No  individuals  were  seen  moving  about  under  normal  con- 
ditions, but  when  placed  on  a  bare,  sandy  bottom  they  crept  steadily 
to  its  margin  of  coralline  algsB.  Many  specimens  were  planted  on  the 
reef-flat  near  the  laboratory  and  most  of  these  ultimately  disappeared, 
but  whether  they  crept  away  or  were  carried  off  by  tidal  movements 
it  is  impossible  to  say. 

REACTIONS  TO  LIGHT. 

The  remarkable  habitat  of  Tropiometra  in  Buccoo  Bay  naturally 
suggested  that  in  its  reactions  to  light  it  would  be  positively  photo- 
tactic.  A  tank  6  feet  long,  a  foot  wide,  and  8  inches  deep,  having  the 
bottom  covered  with  broken  coral  and  stones,  was  used  for  the  experi- 
ments. It  was  placed  near  high-water  mark  on  the  beach,  in  the  sim, 
and  two  boards,  5  or  6  inches  wide,  were  laid  across  it,  giving  shaded 
areas;  one  end  was  made  quite  dark  by  covering  with  a  broad  piece 
of  board  and  burying  it  in  the  sand.  Niunerous  individuals  of  Tropio- 
metra were  tested  in  this  tank  on  many  different  occasions  and  under 
diverse  conditions  of  temperature.  The  results  were  surprisingly 
unsatisfactory.  No  individual  showed  any  decided  reaction  to  light 
and  none  sought  the  darkness.    In  most  cases,  when  the  specimen 
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was  fresh  from  Buccoo  Bay,  if  placed  in  a  shaded  area  it  remained 
there;  if  placed  in  the  sun  close  to  a  shaded  area,  it  moved  into  the 
shade,  but  if  the  board  were  then  removed,  it  made  no  effort  to  move 
out  of  the  sun ;  if  placed  in  the  sun  some  inches  from  shade,  it  remained 
quietly  in  the  light.  Grenerally  the  individuals  were  placed  upside 
down  in  the  tank,  so  that  the  process  of  righting  might  serve  to  initiate 
movement.  But  although  they  righted  themselves  promptly,  they 
rarely  wandered  more  than  a  few  inches  thereafter.  If  placed  in  the 
tank  right  side  up,  they  were  usually  content  to  remain  where  put, 
regardless  of  whether  it  was  in  sun  or  shade. 

Exp^iments  were  made  particularly  to  see  whether  the  brightly  col- 
ored q)ecimens  from  imder  rocks  reacted  differently  from  the  dark 
individuals  from  Buccoo  Bay,  but  no  constant  differences  could  be 
detected.  Brightly  colored  examples  of  Tropiometra  seemed  to  be  a 
little  less  hardy  and  became  sluggidi  and  inert  in  the  tank  more  quickly 
than  the  dark  ones,  but  the  difference  was  not  striking.  The  final 
conclusion  reached,  as  a  result  of  all  the  experiments  and  observations, 
is  that  Tropiometra  at  Tobago  is  slightly  negatively  phototactic^  but  that 
other  factors  in  the  environment  in  Buccoo  Bay  neutralize  this  tendency 
almost  or  quite  completely,  while  on  Buccoo  Reef  it  is  for  some  reason 
strengthened. 

REACTIONS  TO  TEMPERATURE. 

While  it  was  not  feasible  to  produce  really  low  temperatures,  water 
in  the  tank  fell  to  22^  C.  during  the  night.  At  this  temperature 
Tropiometra  showed  no  signs  of  discomfort  or  stimulation.  When  the 
water  was  gradually  raised  to  33^  or  34^,  responses  to  mechanical 
stimulation  were  normal.  At  35.5^  two  of  the  four  specimens  tested 
were  quite  unresponsive,  but  the  other  two  gave  normal  responses  by 
arm-movements.  One  continued  to  respond  at  36.5^,  but  at  37.5^ 
was  inert.  After  a  few  moments  at  that  temperature  the  four  speci- 
mens were  placed  in  normal  sea-water  at  28^,  but  none  recovered. 
Individuals  taken  from  water  at  28^  and  placed  in  that  at  33^  con- 
tinued to  give  responses  with  the  arms.  At  34^,  however,  the  arms 
were  quiescent,  but  the  pinnules  responded.  Complete  recovery  of 
these  specimens  resulted  when  after  a  few  moments  they  were  again 
placed  in  water  at  28^.  Individuals  placed  in  water  at  36^  gave  no 
responses  and  failed  to  recover;  they  became  quite  rigid.  These 
experiments  show  that  as  compared  with  the  comatulids  of  Torres 
Strait,  Tropiometra  has  a  surprisingly  large  temperature  range.  This 
is  quite  in  keeping  with  their  habitat  in  Buccoo  Bay,  for  while  the  water 
there  probably  never  falls  below  22^  C,  there  is  no  doubt  that  at  the 
lowest  tides  it  rises  in  the  shallows  to  32^  and  possibly  to  34^.  Even 
should  it  on  rare  occasions  exceed  this  figure  for  a  short  time,  it  is 
evident  that  Tropiometra  would  easily  survive.    Owing  to  the  comat- 
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ulid's  inertness  it  was  impossible  to  determine  the  optimum  tempera- 
ture. In  water  of  33^  reactions  were  not  consistently  different  from 
what  they  were  at  25^ ;  nevertheless  individuals  in  water  at  33^  assumed 
a  somewhat  wilted  appearance  after  a  time,  which  was  not  the  case 
in  water  at  28^  and  lower.  Healthy  individuals  gave  no  response  to 
a  sudden  change  of  2^,  but  there  was  generally  an  evident  reaction  to 
an  abrupt  change  of  5^. 

REACTIONS  TO  SALINITY. 

Experiments  to  determine  whether  Tropiometra  is  sensitive  to 
changes  in  the  salinity  of  the  water  in  which  it  lives  gave  very  inter- 
esting results.  Two  individuals  were  placed  in  an  aquarium  con- 
taining 5  liters  of  ordinary  sea-water  and  two  specimens  of  similar 
size  and  appearance  were  placed  in  another  aquarium  containing 
5  liters  of  90  per  cent  sea-water  (i.  e.,  4.5  liters  of  sea-water  plus 
500  c.c.  of  rain-water).  After  12  hours  all  were  normal  and  one  could 
not  tell  from  the  responses  to  mechanical  stimuli  which  were  in  the 
diluted  sea-water.  Similar  experiments  were  tried  with  water  only 
80  per  cent  and  75  per  cent  sea-water.  Such  water  extracted  color 
from  the  comatulids  and  after  12  hours  was  distinctly  yellow,  yet  the 
tropiometras  survived  and  responded  to  the  transfer  to  normal  sea- 
water  by  distinct  arm-movements. 

Experiments  were  then  made  to  see  how  concentrated  a  sea-water 
could  be  survived.  Two  specimens,  one  dark-colored  and  one  yellow 
and  purple,  survived  with  no  apparent  injiuy  12  hours  in  only  2  liters 
of  water  10  per  cent  more  saline  than  normal.  The  brightly  colored 
one  was  more  active  after  the  experiment  than  the  other,  which  was 
not  what  I  had  expected  in  view  of  the  greater  evaporation  in  the 
natural  habitat  of  the  dark  specimen.  A  similar  experiment  with 
water  20  per  cent  more  saline  than  normal  was  tried.  A  brightly 
colored  individual  was  still  alive  after  3  hours;  it  was  then  transferred 
to  normal  sea-water  and  lived  over  night.  A  dark-colored  specimen 
was  still  alive  after  4^  hours,  but  although  it  was  then  transferred  to 
normal  sea-water,  it  failed  to  revive.  These  experiments  show  a  sur- 
prising indifference  on  the  part  of  Tropiometra  to  the  salinity  of  the 
water  in  which  it  lives. 

REACTIONS  TO  CERTAIN  CHEMICALS. 

Althou^  no  experiments  were  made  to  test  the  reactions  to  chemi- 
cals, it  may  be  worth  while  to  record  the  observations  made  in  other 
connections.  Indifference  to  the  amoimt  of  COs  in  the  water  was 
noticeable,  particularly  in  view  of  the  sensitiveness  of  Torres  Strait 
comatulids  to  that  substance.  As  already  stated,  2  specimens  lived 
over  night  in  only  2  liters  of  sea-water,  apparently  without  discomfort, 
and  4  or  5  specimens  were  often  kept  over  night  in  aquaria  with  not 
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more  than  6  or  7  liters.  Unlike  the  comatulids  tried  in  Torres  Strait, 
Trajriametra  when  fresh  from  the  sea  responds  to  a  saturated  solution 
of  MgS04  in  sea-water,  like  other  echinoderms,  the  whole  muscular 
fliystem  becoming  relaxed.  The  response  was  much  less  complete  if 
the  individual  had  been  for  some  time  in  a  limited  amount  of  sea- 
watw;  i»t>bably  the  presence  of  CQs  made  the  difference.  Response 
to  alcohol  and  formalin  was,  as  in  other  comatulids,  by  a  contraction 
first  ci  the  dorsal  side  of  the  arms  and  then  of  the  ventral.  Only 
exceptionally,  and  then  by  individuals  which  had  been  long  in  tank 
or  aquaria,  were  the  arms  cast  off. 

SUMMARY. 

The  common  habitat  of  Trapiametra  at  Tobago,  Buccoo  Bay,  is 
mnisual  for  a  crinoid,  the  bottom  being  covered  with  coralline  algs 
and  eelgrass,  the  water  shallow,  and  the  comatulids  exposed  to  the 
full  i^are  of  the  tropical  sun. 

Reactions  to  light,  temperature,  salinity,  and  CQs  all  show  Trapuh 
metra  to  be  remarkably  insensitive  and  hardy.  It  shows  only  feeble 
idietotactic  reactions,  has  a  temperature  range  of  at  least  15^  C,  a 
salimty^  range  well  over  40  per  cent,  and  withstands  a  considerable  but 
undetermined  amount  of  CX)s  without  injury. 
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STUDIES  ON  THE  PHYSIOLOGY  OF  THE  NERVOUS 
SYSTEM  OF  CASSIOPEA  XAMACHANA. 


Bt  Lewis  R.  Cart. 


INTRODUCTION. 

In  this  paper  are  gathered  the  results  of  several  distmct  lines  of 
experimentation,  all  of  which  have  this  in  common — that  they  deal 
with  some  phase  of  the  physiology  of  the  nervous  system  of  Cassiopea 
and  represent  portions  of  a  general  program  of  research  on  the  nervous 
system  of  the  lower  animals.  On  account  of  its  abiUty  to  live  under 
adverse  conditions  and  to  withstand  practically  any  type  of  operation, 
Cassiopea  is  an  especially  favorable  form  for  experimentation  and  has 
been  used  as  a  subject  for  many  researches.  On  regeneration  by 
Stockard,  Zeleny,  and  Goldfarb;  for  the  study  of  pulsation,  rate  of 
nerve-conduction,  effect  of  starvation,  etc.,  by  Mayer;  on  chemical  com- 
position and  chemical  changes  during  starvation  by  Hatai;  on  reaction 
to  temperature,  permeability,  and  nerve-conduction  by  Harvey,  and 
the  researches  herein  recorded  by  the  author. 

In  very  few  types  of  animals,  where  the  recognizable  activities  are 
entirely  under  the  control  of  nerve-centers,  can  all  these  structures  be 
removed  without  causing  death,  or  at  least  serious  injuries  which  will 
render  abnormal  practically  all  physiological  activities.  Among  the 
ScyphomedusflB,  Cassiopea,  in  common  with  many  other  Rhizostomse, 
18  distinguished  for  the  density  of  its  mesogloea,  but  it  stands  preemi- 
nent as  a  laboratory  marine  animal  because  of  the  fact  that  its  normal 
habitat,  being  in  shallow  lagoons  of  relatively  stagnant  water,  fits  it 
especially  for  the  adverse  environment  encountered  under  experimental 
conditions  in  laboratory  aquaria.  The  sense-organs  (nerve-centers), 
because  of  their  position  around  the  periphery  of  the  disk,  can  be 
removed  with  very  little  injury  to  any  of  the  other  tissues  of  the  body. 

Since,  also,  these  structures  are  equally  spaced  around  the  circum- 
ference of  the  disk,  any  portion  of  the  body  can,  by  the  appropriate 
operation,  be  deprived  of  its  normal  nerve-supply,  while  retaining  its 
other  relations  undisturbed.  Then,  too,  the  rapidity  with  which  the 
centers  are  replaced  by  the  regeneration  of  normally  functioning  new 
ones  pennits  experimenting  on  any  given  area  of  tissues,  first  without 
and  later  under  the  influence  of  nervous  impulses. 
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In  studying  regeneration  in  Caeeiopea  I  found  that  the  rtiopalia 
exert  a  decided  influence  on  the  rate  of  regeneration,  which  is  most 
marked  in  the  eariy  stages  ol  any  experiments,  and  that  this  influence 
was  in  the  major  part  independent  of  muscular  activity.  The  observa- 
tions were,  therefore,  extended  to  involve  other  factors  as  the  basis  of 
comparison,  since  it  seemed  evident  that  the  influence  on  regeneration 
must  be  in  some  manner  exerted  through  fundamental  metabolic 
activity,  which  might  be  expected  to  be  measurable  on  some  other  basis 
than  the  rate  of  regeneration.  These  expectations  were  fulfilled  when 
either  the  general  metabolism,  as  measured  by  total  COs  production, 
the  loss  of  weight  during  starvation,  or  the  changes  in  the  rate  of  nerve- 
conduction  in  response  to  changes  in  temperature,  was  used  as  the 
standard  of  comparison. 

The  same  types  of  operations  were  used  in  experiments  on  regenera- 
tion, general  metabolism,  loss  of  weight  during  starvation,  and  the 
influence  of  the  sense-organs  on  the  change  in  rate  of  nerve-conduction 
in  response  to  changes  in  temperature,  so  that  the  results  obtained  by 
use  of  these  distinct  standards  of  measurement  are  directly  comparable. 

The  experiments  on  the  influence  of  the  nerve-centers  on  the  loss 
of  weight  during  starvation,  on  account  of  the  operations  employed, 
necessarily  involved  regeneration  at  the  same  time,  and  in  some 
instances  this  factor  was  measured  as  well  as  that  for  which  the 
experiments  were  primarily  carried  out.  Conversely  the  experiments 
on  regeneration,  since  only  the  disks  were  used,  were  carried  out  on 
starving  medusse  and  the  decrease  in  both  area  and  weight  of  the  half 
disks  was  often  recorded  for  these  experiments.  While  both  these 
factors  (t.  e.  regeneration  and  decrease  in  size  and  weight)  were  involved 
in  the  experiments  on  the  rate  of  nerve-conduction,  each  experiment 
extended  over  so  short  a  period  of  time  that  no  measurements  of  the 
amount  of  regeneration  were  possible,  and  the  loss  of  weight,  while 
actually  small,  was  entirely  in  accord  with  the  results  obtained  from 
the  more  extended  experiments.  Thus  the  high  rates  of  pulsation 
brought  about  by  nerve-conduction,  independent  of  the  rhopalia, 
tended  especially  to  emphasize  the  inadequacy  of  differences  in  motor 
activity  as  the  explanation  of  difference  in  rate  of  metabolism  as 
expressed  by  loss  of  weight. 
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TECHNIQUE  OF  THE  EXPERINENTS  AND  SOME  RESULTS  OF  OPERA- 
TIONS  THAT  APPLY  EQUALLY  TO  ALL  EXPERINENTS. 

The  natural  habitat  of  Cassiopea  is  in  shallow  lagoons,  usually  in 
areas  where  mangroves  are  abundant,  where  the  water  is  daily  subjected 
to  marked  fluctuations  in  temperature,  and  where  the  salinity  is  most 
affected  by  precipitation.  In  such  locations,  many  of  which  are 
practically  stagnant,  the  variations  in  salinity  are  of  wide  range,  as 
evaporation  is  rapid  during  the  summer  months,  when  also  the  precipi- 
tation is  greatest.  Such  lagoons  usually  support  an  abimdant  algal 
flora,  so  that  the  gaseous  content  of  the  water  varies  considerably  and 
large  quantities  of  organic  acids  are  continually  being  generated.  The 
environmental  conditions  consequently  vary  widely  from  time  to  time 
and  are  always  decidedly  different  from  those  in  the  open  tropical  ocean. 
Indeed,  so  thoroughly  inured  to  this  environment  is  Cassiopea  that  it 
thrives  better  under  laboratory  or  lagoon  conditions  than  in  pure 
sea-water. 

At  Tortugas  the  proper  environment  for  this  form  is  restricted  to 
the  moat,  at  Fort  Jefferson,  which  is  50  feet  wide,  extends  entirely 
aroimd  the  fort,  and  communicates  with  the  open  water  outside  at 
only  two  points  through  narrow  entrances  which  are  entirely  cut  off 
at  extreme  low  tide.  As  the  mean  rise  and  fall  of  tides  is  in  this  region 
only  about  1.5  feet,  the  amount  of  change  in  the  water  of  the  moat  is 
sli^t  and  currents  are  scarcely  detectable  at  a  distance  of  200  yards 
from  the  entrances.  Over  the  greater  portion  of  the  moat,  the  bottom 
is  densely  covered  with  a  mat  of  filamentous  algse,  while  its  side  walls 
furnish  a  place  of  attachment  for  innumerable  specimens  of  hydroids, 
bryojsoa,  tunicates,  annelids,  moUusks,  and  several  species  of  corals. 
Among  the  algse  the  cassiopeas  lie  on  their  aboral  surfaces,  with  their 
branching  mouth-arms  giving  a  flower-like  appearance  and  with  the 
bell-margin  pulsating  slowly.  In  adult  specimens,  movement  from 
place  to  place  by  their  own  activity  apparently  occurs  very  rarely, 
if  at  all.  Even  young  medusee,  not  more  than  2  cm.  in  diameter, 
seldom  are  raised  from  the  bottom  by  their  own  pulsation,  and  it  is 
doubtful  if  the  larger  specimens  are  capable  of  moving  about  by 
swimming  movements  of  the  disk. 

The  exumbrella  surface  is  depressed  in  the  center  and  can  be  used  as 
a  sucking  disk  by  which  a  medusa  can  attach  itself  firmly  to  a  vertical 
surface  or  resist  removal  from  the  bottom.  This  surface  has  a  simple 
layer  of  q>ithelial  cells  over  the  mesogloea  and  is  not  provided  with 
either  nerves  or  muscle-cells. 

When  resting  in  its  nonnal  position  on  the  bottom,  the  languid 
pulsaticms  of  the  bell-margin  create  currents  sufficient  to  bring  the  food 
material  (which  consists  entirely  of  minute  organisms)  onto  the  mouth- 
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arms,  where  it  is  taken  in  throuf^  the  numerous  small  openings  into 
which  the  original  oral  cavity  has  been  subdivided  by  the  branching 
and  anastomosing  of  the  oral  arms. 

When  brought  into  the  laboratory  the  medusse  may  be  kept  in 
aquaria  through  which  a  small  stream  of  water  is  run  slowly — or,  if 
only  3  or  4  specimens  are  placed  in  a  10-liter  jar,  they  will  remain  in 
normal  condition  if  the  water  is  changed  once  every  48  hours.  The 
unusual  agitation  of  the  water  attendant  upon  changing  that  in  the 
jars  or  the  handling  of  the  specimens  causes  a  copious  secretion  of 
mucus  from  glands  situated  on  the  oral  arms,  so  that  the  less  oft^i 
they  are  disturbed  the  more  nearly  normal  they  will  remain. 

Specimens  kept  under  either  of  the  conditions  just  mentioned  gave 
the  expected  results  when  used  for  any  of  the  experiments,  but  in  order 
that  any  possible  source  of  error  from  differences  of  previous  treatment 
might  be  eliminated,  no  specimens  were  used  for  routine  experiments 
which  had  been  in  aquaria  more  than  12  hours  before  the  time  of  the 
first  operation. 

In  all  experiments  which  were  to  extend  over  more  than  a  few  hours, 
each  disk  (or  its  two  separated  halves)  was  kept  in  a  jar  containing  not 
less  than  4  liters  of  sea-water. 

As  most  of  the  experiments  required  the  handling  of  the  specimens 
under  observation  once  each  day  they  were  transferred  to  clean  jars 
of  fresh  sea-water  at  that  time. 

The  nervous  stimulus  causing  pulsation  originates  in  the  sense- 
organs,  probably  through  a  chemical  reaction  liberating  sodiimi,  at  the 
nerve-centers  (Mayer,  1908).  At  any  given  time  only  a  single  sense- 
organ,  which  at  that  moment  is  discharging  at  the  highest  rate,  controls 
the  rate  of  pulsation.  Consequently  all  the  nerve-centers  excq)t  one 
may  be  removed  without  seriously  interfering  with  the  activities  of  the 
medusa ;  when  the  last  one  has  b^n  removed  the  specimen  will  remain 
quiescent  until  a  new  sense-organ  has  been  regenerated  with  sufficient 
completeness  to  take  up  again  the  normal  chemical  reactions  which 
liberate  sodiiun. 

Any  portion  of  the  disk  adjacent  to  where  the  nerve-centers  have  been 
removed  may  be  insulated  from  the  influence  of  the  remaining  centers 
by  destroying  the  continuity  of  the  subumbrella  ectoderm,  in  which 
alone  the  muscles  and  nervous  elements  are  contained,  while  still 
retaining  its  continuity  with  the  remainder  of  the  disk  through  the 
mesogloea.  This  mesogloea  is  of  sufficient  thickness  to  afford  a  support 
for  isolated  areas  of  the  active  tissues  even  when  almost  the  entire 
ectodermal  covering  has  been  removed.  Also  when  the  medusse  are 
kept  in  normal  sea-water  it  is  little  subject  to  bacterial  action  and  can 
be  maintained  in  an  apparently  healthy  condition  even  when  consider- 
ably more  than  half  of  the  ectodermal  layer  has  been  removed. 
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Three  comparisons  were  made  in  the  experiments  dealing  with 
regeneration,  loss  of  weight  during  starvation,  total  metabolism,  and 
the  influence  of  the  sense-organs  on  the  change  in  rate  of  pulsation  in 
response  to  change  in  temperature.  For  all  these  experiments  the 
oral  arms  and  stomachs  were  removed  and  the  disk  alone  used,  to  avoid 
the  contamination  of  the  water  by  mucus  and  to  facilitate  the  opera- 
tions. In  each  experiment  disks  of  the  same  size  were  used,  although 
specimens  of  the  same  diameter  showed  considerable  variation  in 
w^l^t  due  to  differences  in  the  thickness  of  the  mesogloea.  For 
studying  the  general  metabolism  large  specimens  were  used  because 
it  was  easier  to  perform  the  necessary  operations.  In  the  first  type 
of  experiment,  normal  disks,  or  half-disks,  were  compared  with  others 
that  had  been  rendered  inactive  by  the  removal  of  all  sense-organs 
(figs.  1,  2,  3).    The  sense-organs  were  cut  out  from  the  border  of  the 


Fio».  1  and  2. — Entire  meduss.  Prom  fig.  2  all  the  sense-organs  have  been  removed.  From 
fig.  1  an  equal  amount  of  tissue  has  been  removed  from  between  the  sense-organs. 

PiQ.  3. A  medusa  prepared  with  active  and  inactive  halves  by  removing  the  sense-organs  from 

half  of  the  disk  and  then  insulating  this  half  from  that  on  which  the  sense-organft  remain  by 
removing  two  diametrically  opposite  strips  of  subumbrella  tissue,  shown  as  stippled  areas. 
A  piece  of  tissue  was  removed  from  between  each  pair  of  sense-organs  on  the  active  half-disk. 
The  inner  circle  represents  the  limits  of  the  cavity  in  which  the  amount  of  regeneration  was 
measured. 

disk  by  a  sharp  cork-borer  just  large  enough  to  completely  remove 
this  structure  at  one  stroke.  From  between  the  sense-organs  of  the 
'^ active"  specimens  a  piece  of  tissue  of  equal  size  was  removed  so  that 
the  amount  of  injury  was  the  same  for  both  specimens. 

In  all  the  experiments  on  regeneration  recorded  in  the  tables  given 
in  this  paper  the  halves  of  each  disk  were  insulated  by  the  removal  of 
two  diametrically  opposite  strips  of  subumbrella  ectoderm  extending 
from  the  periphery  of  the  disk  on  each  side  to  a  cavity  in  the  center  of 
the  disk  where  the  amount  of  regeneration  was  measured  (fig.  3). 
In  later  regeneration  experiments  and  all  other  experiments  where  this 
type  of  operation  was  used  the  medusa  disk  was  separated  into  halves 
and  the  regular  operation  was  performed  upon  each  half.  For  measur- 
ing the  amount  of  regeneration  a  disk  of  tissue  22  mm.  in  diameter  was 
removed  from  a  similar  part  of  each  half-disk.    This  complete  separa- 
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tion  of  the  half-disks  did  away  with  the  folding  of  the  disks  at  the  point 
where  the  insulating  strips  were  removed,  which  often  interfered  with 
accurate  measurement  of  the  regenerated  tissue.  (These  series  will  be 
referred  to  as  the  ''active''  and  ''inactive"  series.) 

In  the  second  type  of  experiments  nonnal  disks  or  half-disks  were 
compared  with  others  from  which  all  sense-organs  had  been  removed, 
but  in  which  the  subumbrella  muscles  had  been  activated  by  electrical 
stimulation.  In  entire  half-disks,  from  which  the  central  portion  has 
been  removed,  a  circuit  wave  of  contraction  may  be  initiated  by  induc- 
tion shocks  and  maintained  for  as  many  as  11  days  unless  interrupted 
by  some  strong  stimulus  (Mayer,  op.  cit.\  Harvey,  1911). 

When  half-disks  were  employed  it  was  necessary  to  make  two 
incisions  through  the  muscles  and  nerves  in  such  a  ynannAr  that  an 
endless  labyrinth  of  these  tissues  would  be  formed  (fig.  4),  in  which  the 
circuit  wave  of  contraction  could  be  maintained. 


Fig.  4. — ^A  meduM  prepared  for  oompAriaon  of  activated  and  inaotive  half-diska.  All  the  aenae- 
organa  have  been  removed  from  both  halves,  whfle  in  the  subumbrella  tissues  of  one  of  them 
an  endless  labyrinth  has  been  formed  in  whidi  a  dreuit  wave  of  contraction  will  be  main- 
tained as  soon  as  it  has  been  initiated  by  induction  shocks. 

Fig.  5. — ^A  medusa  prepved  for  the  comparison  of  active  and  activated  half-disks. 

These  series  will  be  referred  to  as  the  "active  and  activated"  series. 

In  the  third  type  of  experiments  "activated"  specimens  prepared  in 

the  manner  just  described  were  compared  with  "inactive"  specimens 

(fig.  5). 

In  all  instances  where  active  and  activated  specimens  were  compared 
it  was  observed  that  the  pulsation-rate  of  the  activated  specimens  was 
at  first  about  3  times  as  great  as  that  of  the  active  specimens.  The 
difference  in  rate  became  progressively  greater  for  about  the  first  24 
hours,  both  on  account  of  an  actual  increase  in  that  of  the  activated  as 
well  as  a  decrease  in  the  rate  of  those  with  sense-organs  intact,  until 
at  the  end  of  this  time  the  activated  specimen  was  often  pulsating  10 
times  as  rapidly  as  its  mate.  If  an  entire  disk  or  immutilated  half 
disk  were  used  as  the  active  specimen  of  any  pair  its  pulsations 
appeared  to  be  much  more  vigorous  than  its  mate,  in  the  muscles  of 
which  a  circuit  wave  of  contraction  was  maintained,  because  the  bell- 
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margin  was  folded  inward  onto  the  body  of  the  disk  at  each  contrac- 
ti<m.  When,  however,  a  similar  labyrinth  had  been  formed  in  the 
sabumbrella  tissues  of  the  active  specimen  and  the  continuity  of  the 
sheet  of  muscles  had  been  destroyed,  the  bell-margin  was  no  longer 
folded  over  and  its  pulsations  lacked  the  appearance  of  greater  vigor 
than  that  shown  by  the  activated  specimens. 

When  simultaneous  kymograph  records  were  made  of  the  pulsations 
of  the  halves  of  a  disk,  one  active  and  the  other  activated,  each  with 
an  endless  labyrinth  formed  in  its  subumbrella  tissues,  the  amplitudes 
<rf  contraction  were  found  to  be  equal,  showing  that  the  apparent 
character  of  the  contraction  was  a  function  of  the  normal  fifpatial  rela- 
tionship of  the  muscle  tissue  and  that  when  similar  series  of  cuts  were 
made  in  the  active  tissues  of  each  half-didc  of  any  pair  the  rate  of 
pulsation  was  a  true  measure  of  the  work  done. 

Besides  a  control  series  carried  along  as  a  check  for  each  experiment, 
a  large  series  of  half-disks  were  prepared,  so  that  each  member  of  any 
pair  (t.  6.,  halves  of  the  same  disk)  had  been  subjected  to  the  same 
opetation.  Fifty  pairs  of  such  half-disks  of  the  three  operative  types 
used  were  recorded  for  rate  of  regeneration  and  loss  of  wei^t  during 
starvation,  and  10  pairs  for  total  metabolism,  with  the  result  that  in 
every  instance  the  similarly  prepared  halves  of  each  disk  gave  results 
which  w^^  within  the  limits  of  error  of  the  unit  of  measurements 
employed  in  each  set  of  experiments.  It  is  evident  from  these  results 
that  the  medusa  disks  can  be  safely  considered  as  physiological  units 
which  may  be  subdivided,  with  the  expectation  that  like  areas  or 
masses  of  tissue  of  any  one  disk  will  reqx>nd  in  an  equal  degree  to 
experimental  changes  in  environmental  conditions* 
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EXPERIMENTAL. 

INFLUENCE  OF  NERVE-CENTERS  ON  RATE  OF  REGENERATION. 

Previous  studies  on  the  infiu^ice  of  the  nervous  system  upon  re- 
generation have  given  very  divergent  results  which  can  hardly  be  reo(m- 
ciled  even  when  we  consider  that  widely  separated  groups  of  animals 
were  used  as  the  material  for  experimentation. 

While  certain  students  of  this  problem  (Herbst,  Goldstein,  Walter, 
Wolff)  have  taken  the  position  that  the  nervous  system  in  general, 
or  some  portion  of  it  (sensory  ganglion,  Herbst,  Walter),  exerts  a  stim- 
ulus necessary  for  the  complete  regeneration  of  ncmnal  structures,  on 
the  contrary  other  workers  have  attributed  less  and  less  importance  to 
these  influences.  The  intermediate  position  that  the  influence  of  the 
nervous  system  is  indirect,  being  exerted  mainly  throu^  the  con- 
trolling of  motor  activity,  is  well  expressed  by  Child  (1905a)  in  ihe 
statement  concerning  anterior  regeneration  in  Leptoplanay  that,  ''as  in 
posterior  regeneration,  there  is  close  parallelism  between  the  rapidity, 
amount,  and  completeness  of  anterior  and  lateral  regeneration  and  the 
characteristic  motor  activity  of  the  part  concerned." 

Goldfarb  (1909)  concludes  from  his  experiments  on  newts,  earth- 
worms, and  planarians  that  ''these  experim^its  *  *  *  should 
make  one  cautious  about  accepting  the  view  of  the  direct  or  even 
indirect  influence  of  a  nervous  influ^ice  on  reg^ieration." 

In  all  these  studies  the  point  at  issue  has  been  whether  or  not 
complete  regeneration  of  typical  structures  is  possible  in  the  absence 
of  any  influences  exerted  throu^  the  central  nervous  sjrstem.  An 
aflSrmative  answer  to  this  question  is  apparently  held,  at  least  by 
certain  of  these  investigators,  to  settle  finally  the  question  of  nervous 
influence  without  any  consideration  being  given  to  the  comparison  of 
the  course  of  the  regenerative  process  in  animals  in  which  the  nervous 
system  was  removed  from  the  regenerating  area  and  those  in  which  the 
nervous  system  had  been  uninjured  in  the  portion  of  the  animal  left  to 
regenerate.  In  only  relatively  few  animals  can  the  nerve-centers  be 
removed  without  bringing  about  the  destruction  of,  or  degenerative 
changes  in,  other  intimately  connected  portions  of  the  nervous  system, 
so  that  this  type  of  operation  has  not  been  frequently  imdertaken. 

Zeleny  (1907)  and  Stockard  (1908)  removed  the  marginal  sense- 
organs  from  the  disk  of  Ca^siopea  xamachana  to  determine  the  influence 
of  these  structures  on  the  rate  of  regeneration.  Both  report  that 
there  was  no  evidence  of  any  regulatory  influence.  In  Zeleny's  experi- 
ments the  entire  margin  of  the  disk  with  its  sense-organs  was  removed 
and  the  rate  of  regeneration  in  these  individuals  compared  with  others 
in  which  the  bell-margin  and  sense-organs  were  intact.  In  Stockard's 
experiments  the  results  obtained  from  specimens  prepared  as  above 
described  were  supplemented  by  those  obtained  with  individuals  from 
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which  one  half  of  the  marginal  sense-organs  was  removed,  while  from 
the  other  half  an  equal  amoimt  of  tissue  was  cut  from  between  the 
8a:i8e-organ8.  The  two  halves  were  insulated  by  the  removal  of  two 
diametrically  opposite  strips  of  subumbrella  ectoderm.  In  both 
experiments  the  rate  of  regeneration  was  measured  inward  from  the 
periphery  of  a  cavity  in  the  center  of  the  disk  from  which  a  circular 
piece  of  tissue  had  been  removed. 

In  both  these  researches  the  experiments  were  carried  out  with  the 
view  of  ascertaining  the  influence  of  muscular  activity  and  thus 
indirectly  of  the  nervous  S}rstem  on  the  rate  of  regeneration.  In  each 
case  it  was  held  that  there  was  no  constant  difference  in  the  rate  of 
regeneration  between  the  active  and  inactive  individuals. 

In  the  course  of  my  studies,  which  were  taken  up  primarily  to 
reSxamine  the  work  of  Stockard  and  Zeleny  upon  thk  point,  I  dis- 
oovered  that  the  marginal  sense-organs  influence  regeneration  inde- 
pend^itly  of  their  ecmtrol  of  muscular  activity.  Such  an  influence  of 
tiie  sens&organs  can  be  accounted  for  either  on  the  groimd  that 
metabolic  activities,  not  expressed  by  muscular  activity,  are  under  the 
ocmtrol  of  the  sense-organs,  or  that  a  direct  trophic  influence  is  exerted 
by  ihe  sense-organs  on  the  regmerating  tissues.  A  series  of  deter- 
minations with  the  ''biometer"  of  the  rate  of  GOs  production  by 
q>ecima:i8  under  different  experimental  conditions,  for  which  I  am 
indebted  to  Dr.  S.  Tashiro,  shows  that  the  first  of  the  two  alternatives 
just  mentioned  offers  a  satisfactory  explanation  of  the  observed  facts. 

The  course  of  normal  regeneration  as  shown  when  a  disk  of  tissue  is 
removed  from  the  cent^  of  a  medusa  disk  is  that  first  the  ectodermal 
qiithelium  from  both  the  exumbrella  and  subumbrella  surfaces  grows 
inwardly  over  the  exposed  surface  of  the  mesogloea  until  that  extending 
from  the  two  surfaces  has  come  in  contact.  Fusion  of  the  two  layers 
takes  place  at  once  and  then  a  sheet  of  new  tissue  begins  to  extend 
across  the  cavity  left  by  the  removal  of  the  disk  of  tissue.  In  this 
sheet  of  new  tissue  no  mesogloea  layer  is  at  first  distinguishable,  the 
two  layers  of  epitheliimi  being  in  direct  contact  at  their  inner  surfaces. 

Just  as  in  the  embryonic  development  of  all  Cnidaria,  the  mesogloea 
makes  its  first  appearance  as  an  acellular  layer  of  gelatinous  material 
secreted  by  the  cells  of  the  layers  it  is  to  separate.  In  later  stages  of 
regeneration  the  newly  formed  mesogloea  fuses  insensibly  with  that  of 
the  body  of  the  disk  at  the  periphery  of  the  cavity.  When  the  sheet  of 
regenerated  tissue  reaches  the  center  of  the  cavity  its  edges  fuse,  but 
leave  for  more  than  24  hours  a  recognizable  scar  at  the  point  where 
fusion  took  place.  In  the  specimens  used  in  the  following  experiments 
this  scar  was  at  first  eccentrically  placed,  but  within  the  first  day  after 
it  had  been  formed  it  came  to  lie  centrally  in  the  sheet  of  new  tissue. 
From  this  time  the  most  noticeable  change  was  the  increase  in  the 
tiiickness  of  the  regenerated  tissue,  which  within  two  weeks — ^in  speci- 
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mens  in  sea-water — could  not  be  distinguished  from  the  surrounding 
tissue.  Long  before  this  time  tissue  differentiation  had  taken  i^ace, 
so  that  fimctional  nerves,  muscles,  gland  and  sensory  cells  had  been 
formed  from  the  syncitial  mass  into  which  the  epithelial  layers  had 
been  converted  in  the  earliest  stages  of  regeneration. 

EXPERIMENTS  WITH  ENTIRE  DISKS. 

When  the  rates  of  regeneration  of  a  series  of  active  and  inactive  entire 
disks  is  compared  it  is  found  that  in  about  75  per  cent  of  all  the  experi- 
ments the  regeneration  is  most  rapid  in  the  active  specimens.  In  the 
remaining  disks  the  amount  regenerated  at  any  given  time  is  (in  about 
10  per  cent  of  the  pairs)  found  to  be  equal  within  the  limits  of  accuracy 
of  measurement,  while  in  about  15  per  cent  of  the  pairs  of  disks 
regeneration  was  greatest  in  the  inactive  q)ecimens. 

The  results  of  many  different  kinds  of  experiments  upon  Cassiopea 
show  wide  variations  in  the  sensitivity  and  metabolic  activity  in  tins 
animal.  It  therefore  seems  evident  that  the  conflicting  results  obtained 
from  specimens  subjected  to  this  type  of  operation  are  to  be  explained 
as  individiial  variations  in  physiological  activity. 

More  dependable  results  may  be  expected  from  specimens  prq>ared 
according  to  Stockard's  method  (fig.  3),  where  individiial  variations  in 
physiological  activity  are  eliminated. 

After  this  operation  the  inactive  half  of  each  epecimen  is  moved 
about  by  the  pulsation  of  the  active  half,  so  that  there  can  be  little 
difference  in  the  degree  of  aeration  of  any  two  parts  of  the  disk.  In  all 
expaiments  of  this  type  (entire  disks  with  the  halves  insulated  from 
each  other)  where  large  numbers  of  specimens  were  used  two  difficulties 
were  met  in  making  the  measurements.  Frequently  the  disk  became 
folded  backward  at  the  point  where  the  submnbrella  ectoderm  was 
removed,  sometimes  even  bringing  the  exumbrella  surfaces  in  contact* 
While  this  seemed  in  no  way  to  interfere  with  regeneration,  it  frequently 
made  accurate  measurements  impossible  unless  the  specimen  was  first 
narcotized,  as  any  attempt  to  unfold  the  active  disk  usually  resulted 
in  tearing  the  delicate  r^enerating  tissue.  This  procedure  involving 
the  expenditure  of  so  much  time,  all  badly  folded  q)ecimens  were 
discarded.  If  the  folding  took  place  some  days  after  the  start  of  any 
series  of  experiments  the  specimen  was  discarded  and  the  figures  for 
the  earlier  stages  were  retained  in  the  record. 

The  other  most  common  source  of  difficulty  in  making  the  measure- 
ments arose  on  account  of  the  tendency  of  the  edge  of  the  regenerating 
tissue  to  fuse  with  the  edge  of  the  old  cut  surface  or  with  a  more  proxi- 
mal part  of  the  sheet  of  regenerating  tissue.  Whenever  the  edge  of  the 
thin  sheet  of  new  tissue  became  folded  back  sufficiently  to  touch  any 
of  the  more  proximal  tissues  fusion  took  place,  so  that  a  tube  would  be 
formed  from  the  new  tissue.    When  the  folding  involved  only  a  small 
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Table  1. — Record  of  experiment  4a,  etarted  September  SO,  1915  (for  1  ioB  daya). 

[Forty  disks  each  with  all  sense-orguw  removed  from  one  side  and  with  the  halves  insulated  by 
removal  oi  2  strips  of  subumbrdla  ectoderm.  The  letter  C  after  the  measurement  for  any 
day  indicates  that  the  central  cavity  had  been  filled  by  the  regenerated  tissue.] 


Speoimefi. 


No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 

No. 
No. 
No. 
No. 


6 


8 


9 


12 
13 


14 


15 


16 
17 


18 


19 


20 


21 


22 


23 


24 
25 


26 


27 
28 


with  8.0... 
without  8.  O 
with  8.  O... 
without  S.  O 
with  8.0... 
without  8.  O 
with  8.0... 
without  8.  O 
with  8.0... 
without  8.  O 
with  8.0... 
without  8.  O 
with  8.  O... 
without  8.0 
with  8.  O... 
without  8.  O 
with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.0... 
Half  without  8.  O 
Half  with  8.  O... 
Half  without  8.  O 


Iday. 


8 
2 
2 
1 
2 
1 
2 
1 
2 
1 
1 
0 
3 
1 
3 
2 
2 
2 
3 
2 
3 
2 
2 
1 
1 
1 
4 
3 


.25 
.00 
.50 
.50 
.25 
.75 
.75 
.75 
.00 
.50 
.50 
.80 
.75 
.75 
.50 
.50 
.75 
.25 
.25 
.50 
.00 
.15 
.50 
.75 
.50 
.00 
.00 
.00 


2 
1 
2 
2 
3 
2 
2 
2 
2 
2 
2 
1 
2 
1 
3 
2 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 


.50 
.50 
.75 
.50 
.00 
.00 
.75 
.75 
.75 
.00 
.50 
.50 
.75 
.50 
.00 
.00 
.00 
.25 
.25 
.50 
.50 
.50 
.00 
.50 
.25 
.50 


2  days. 


4.75 
2.50 
4.00 
3.00 
3.00 
2.00 
4.00 
3.00 
3.75 
3.00 
3.00 
2.25 
5.00 
2.00 
4.00 
3.00 
3.75 
3.00 
5.50 
4.00 
4.00 
3.00 
5.00 
3.75 
4.00 
3.75 
5.00 
4.00 
3.00 
2.00 
3.75 
2.50 
3.75 
3.00 
4.00 
3.00 
3.50 
3.00 
4.00 
2.50 
3.50 
2.75 
3.50 
2.50 
4.25 
3.00 
4.50 
2.75 
4.75 
3.15 
3.50 
2.25 
4.50 
3.75 
4.00 
3.00 


3  days. 


^ 


0.50 
6.00 
5.00 
3.75 
5.50 
3.25 
5.75 
4.50 
5.50 
4.75 
3.75 
2.75 
5.75 
3.00 
4.00 
3.00 
5.00 
3.85 
8.25 
6.50 
6.00 
4.00 
6.50 
4.50 
4.25 
4.00 
6.80 
5.25 
4.50 
3.50 
4.76 
3.25 
6.25 
5.00 
5.50 
3.75 
4.25 
3.50 
6.00 
3.75 
4.50 
3.50 


kxrown  together. 


4  days. 


9.00 
8.25 


8.25 
6.50 


}■ 


5  days. 


9.00 
7.50 
6.75 
4.50 


} 


6.00 
4.30 


^ 


9.001 
6.501 

8.751 
7.001 


10.00 
7.00 

10.50 
8.00 


> 


14.00 
9.00 


^ 
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Table  l.—Reoord  of  experiment  4a,  eUaied  September  SO,  191S  (for  1  toS  <layt)— Omtinued. 

[Forty  disks  each  with  all  sense-orgaiis  removed  from  one  side  and  with  the  halret  insulated  by 
removal  of  2  strips  of  subumbrella  ectoderm.  The  letter  C  after  the  measurement  for  any 
day  indicates  that  the  central  cavity  had  been  filled  by  the  regenerated  tissue.] 


Specimen. 

1  day. 

2  days. 

3  days. 

4  days. 

6  days. 

^          /HalfwithaO 

^^'  ^  \Half  without  8.  O 

2.60 
2.00 

3.76 
3.00 

4.60 
3.60 

.          1 

Badly  wrinkled. 

„     «^ /Half  with  8.  O 

wo.  <JU    H^  without  8.  O 

3.00 

3.65 

3.76 

4.76 

7.00U 
5.60/^ 

1.20 

2.00 

2.60 

3.26 

T^     ,,  /Half  with  8.  O 

^®'**    Half  without  8.  O 

2.00 

3.00 

6.00 

7.00U 
6.00/^ 

1.00 

2.26 

3.60 

^^  „« /Half  with  8.  O 

^®-  "^^  IHalf  without  8.  O 

2.00 

3.00 

6.60 

10.76U 

7.6or 

1.25 

2.00 

4.00 

^^  ^, /Half  with  8.  O 

^^-  **  \Half  without  8.  O 

1.76 

2.60 

4.60 

6.00U 
4.00/'" 

0.60 

1.00 

2.60 

v^  «. /Half  with  8.  O 

^®-  ^  \Half  without  8.  O 

2.00 

4.00 

6.00U 
4.00/^ 

1.60 

3.00 

^^  «-  /Half  with  8.  O 

^*^-^    Half  without  8.  O 

3.00 
2.00 

,                    •■              -      ■ 
>Too  badly  wrinkled  tc 

>  measure  new  tissue. 

T^^  «^ /Half  with  8.  O 

^^'  ^  iHalf  without  8.  O 

3.76 

8.26U 
5.00/^ 

•  •   •   ■ 

2.00 

•  •   •   • 

^^  „- /Half  with  8.  O 

^^-  ^^  \Half  without  8.  O 

2.76 

4.00 

7.00U 
6. 60/^ 

1.60 

3.00 

*T^  „n  (Half  with  8.  O 

^^-  *^  iHalf  without  8.  O 

1.60 
1.00 

2.26 
1.76 

JBadly  folded. 

*T     «o  /Half  with  8.  O 

iNo.  S9  ^g^j  without  8.  O 

2.00 

6.26 

7.60U 
6.26/^ 

1.26 

3.00 

M.V    A£i  I^*^  ^^^  S.  O 

^^'  *"  \Half  without  8.  O 

4.26 

6.00U 

4.76/^ 

•   •  •  • 

3.00 

•   •  ■   • 

Mean  of  all  observations: 
i7  ^^        Half  with  8.0 

'  '4 

2.66 

4.06 

6.76 

7.63 

9.00 

r,    Half  without  8.  O 

1.73 

2.87 

4.06 

6.67 

6.36 

'.73 

area  separation  could  be  easily  accomplished,  but  if  a  considerable 
portion  of  the  regenerating  sheet  was  involved  the  specimen  was 
rendered  useless  for  further  study. 

The  results  of  two  typical  experiments  are  shown  in  table  1.  The 
measurements  are  in  millimeters.  The  upper  figure  for  each  date 
shows  the  width  of  the  sheet  of  tissue  regenerated  from  the  active  half- 
disk,  the  lower  figure  the  width  of  that  regenerated  from  the  inactive 
half -disk.  When  the  sheet  of  new  tissue  had  entirely  closed  over  the 
cavity  in  the  center  of  the  disk  the  point  of  closure  remained  recogniz- 
able for  at  least  a  day,  so  that  the  measurements  could  readily  be  made 
for  those  disks  that  had  become  closed  since  the  time  of  the  last  meas- 
urements. By  the  end  of  24  hours  after  the  new  sheet  of  tissue  was 
completed  the  point  of  closure  would  be  shifted  imtil  it  came  to  lie  in 
the  center  of  the  disk. 
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The  results  from  the  40  disks  recorded  in  table  1  are  shown  in  figure 
6,  in  which  the  divisions  along  the  abscissa  show  the  time  of  regenera- 
tion in  days,  those  along  ordinate  the  amount  of  regeneration  measured 
in  millimet^B.  The  record  for  each  specimen  is  carried  to  the  time  of 
closure  of  the  open  circle  in  the  center  of  the  disk  by  the  sheet  of 
reg^ierated  tissue. 

From  the  start  of  regenera-  9 
tion  the  new  tissue  produced 
from  the  side  with  its  sense- 
organs  intact  is  shown  to  be 
more  rapid.  In  the  early 
stage  of  regeneration  this 
difference  is  more  striking 
upon  a  cursory  examination 
than  in  the  later  stages,  air 
though  the  actiial  difference 
on  the  rate  of  growth  of 
new  tissue  changes  only 
8li(^tly  during  the  entire 
period  of  regeneration.  The 
proportion  between  the 
amounts  of  new  tissue 
f onned  each  day,  taking  the 
amount  regenerated  from 
the  side  without  sense- 
organs  as  the  unit,  was  re- 
spectively:  First  day  1 : 1 .53 ; 
second  day  1:1.44;  third 
day  1:1.41;  fourth  day 
l:L38;fifth  day  1:1.39. 

The  regeneration  from  the 
half  without  sense-organs  is 
more  regular,  as  is  shown  by 
the  fact  that  for  the  mean  of 

each  day's  observation  the  Fio.  6.— showing  nUthre  rates  of  ragenflration  of  the 

nobable    error    is    less    for  IuJ^m  of  40  dialu.    TIm  upper  Ime  ropreeents  the 

*V     .    ,     w    ..           M        .«  half-disks  with  Miiee-organB,  the  lower  line  repreaents 

that  naif   than  for  tlie  one  those  without  sense-organs. 

upon  which  the  sense-organs 

remain.  This  result  would  be  expected  to  follow  from  the  fact  that 
the  inactive  side  was  rdieved  from  the  influence  of  the  marginal  sense- 
Mgans,  which  would  introduce  many  stimuli  of  varying  intensity,  all  of 
which  would  have  either  a  retarding  or  accelerating  influence  upon  the 
processes  of  regeneration. 

When  the  rates  of  regeneration  of  caiain  disks  in  table  1  are  com- 
pared with  one  another,  the  cause  of  the  uncertainty  of  the  results 
obtained  in  expmments  with  entire  disks  is  clearly  shown.    The 
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closure  of  the  open  circle  in  disk  36,  table  1,  was  complete  in  2  dajrs, 
while  5  days  were  necessary  to  complete  the  closure  in  specimen  30, 
table  1.  Had  the  latter  been  the  active  disk  and  the  former  the  in- 
active disk  of  a  pair  compared  in  an  experiment  with  entire  disks,  the 
conclusion  that  an  inactive  disk  sometimes  regenerates  more  rapidly 
than  an  active  one  could  not  have  been'avoided. 

EXPERIMENTS  WITH  ANESTHETICS. 

In  the  previously  described  experim^its  it  was  shown  that  the 
active  half  of  a  medusa  disk  prepared  as  shown  in  figures  3  and  5 
has  a  higher  rate  of  regeneration  than  does  the  inactive  half  of  the 
same  specimen.  While  this  point  is  clearly  shown  in  all  the  experi- 
ments of  the  two  tyi)es  just  mentioned,  the  results  obtained  by  this 
method  throw  no  li^t  upon  the  nature  of  the  control  exercised  by  the 
marginal  sense-organs  as  to  whether  it  is  exerted  throu^  the  hi(^^ 
metabolism  brought  about  by  muscular  activity  or  through  some  other 
less  apparent  metabolic  process  \mder  the  control  of  the  sense-organs. 

Two  other  types  of  experiments  were  \mdertaken  to  ascertain  the 
nature  of  the  nervous  control.  In  the  first  set  of  experiments  (type  3) 
disks  prepared  with  insulated  active  and  inactive  halves  (fig.  3)  were 
allowed  to  regenerate  in  sea-water  to  which  15  per  cent  by  volume  of 
0.6  m  MgS04  had  been  added.  In  this  solution  the  disks  will  live  for 
an  indefinite  time  and  will  for  several  hours  retain  the  capacity  to 
regain  their  normal  activity  within  a  few  moments  after  being  returned 
to  fresh  sea-water.  Mayer  (op.  cit.)  has  shown  that  the  effect  of  the 
magnesiiun  in  a  weak  MgS04  solution  in  sea-water  is  for  a  time  ccmfined 
almost  entirely  to  the  muscular  tissues,  while  the  nervous  network  is 
still  capable  of  transmitting  the  impulse  necessary  for  pulsation  over 
an  area  submerged  in  the  magnesium  solution  where  no  contraction 
of  the  muscles  could  be  observed.  When  kept  in  the  magnesium 
sea-water  for  a  prolonged  period  the  sense-organs  become  incapable  of 
giving  rise  to  the  stmxulus  necessary  for  normal  pulsation  long  before 
the  nervous  network  loses  its  capacity  for  transmitting  such  a  stimulus, 
so  that  a  ring  cut  from  a  medusa  disk  and  activated  by  a  circuit  wave 
of  contraction  will  show  by  an  indicator  strip  in  sea-water  (Mayer, 
lac.  cU.y  page  122)  the  transmission  of  the  nervous  impulse  for  some  time 
after  a  ring  retaining  its  sense-organs  is  no  longer  able  to  activate  its 
indicator  strip. 

When  medusa  disks  prepared  with  insulated  active  and  inactive 
halves  are  put  into  the  magnesium  sea-water  they  lose  their  power  of 
muscular  movement  within  a  few  moments.  Usually  all  of  the  disks 
float  on  the  surface  of  the  new  solution  for  20  to  30  minutes  before 
they  become  adjusted  to  the  abnormally  dense  medium;  at  the  end  of 
this  period  they  settle  to  the  bottom  of  the  jar  and  remain  completely 
relaxed  throu^out  the  experiment. 
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During  the  first  12  hours  of  an  experiment,  or  as  soon  as  the  newly 
regenerated  tissue  became  recognizable,  regeneration  is  more  rapid 
from  the  side  on  which  the  sense-organs  are  present.  From  that  time 
<m^  the  regeneration  from  the  two  halves  is  (within  the  limits  of  error 
of  the  measurements)  about  eqiial.  The  rate  of  r^eneration  of  the 
half-disk  with  sense-organs  fails  to  equal  that  of  the  half-disk  without 
aense-organs.  For  both  halves  the  rate  was  noticeably  lower  than  that 
of  the  inactive  half  of  a  disk  in  normal  sea-water,  Tlie  lack  of  proper 
aeiation  commonly  brought  about  through  the  pulsation  of  the  active 
half-disk  may  account  in  part  for  the  lower  rate  of  regeneration,  but 
there  is  unquestionably  some  more  f imdamental  disturbance  in  the 
metabolic  activity  caused  by  the  presence  of  the  excess  of  Mg  ions  in 
the  fluid. 

The  results  from  experiments  of  this  type  with  the  halves  of  40  disks 
18  given  in  table  2  and  is  shown  graphically  in  figure  7. 

Table  2. — Record  of  experimenU  IS  and  12a  {for  1  day  to  9  days), 

(Forty  disks  each  with  insulated  halves,  one  with  sense-organs,  the  other  without.  Mg  sea- 
water.  The  letter  C  after  the  measurement  for  any  day  indicates  that  the  central  cavity 
had  been  filled  by  the  regenerated  tissue.] 


Specimen. 

Iday. 

2da3rs. 

Sdajrs. 

4  days. 

6da3rs. 

6  days. 

7da3rs. 

S  days. 

9  days. 

No. 

1 

/Half  with S.  O. .. . 
\Half  without  S.O. 

2.00 

2.60 

3.26 

3.76 

4.60 

6.26 

6.00 

6.60 

6.40 

0.80 

1.40 

2.00 

2.76 

3.40 

4.20 

4.80 

6.70 

6.66 

No. 

2 

Half  with  8.  C... 

1.76 

2.30 

2.90 

3.76 

4.26 

6.00 

6.00 

6.60 

7.26 

Half  without  8. 0. 

0.90 

1.60 

1.76 

2.60 

3.26 

4.00 

4.76 

6.26 

6.00 

No. 

3 

/Half  with  8. 0.... 

1.00 

1.60 

2.76 

3.76 

4.60 

6.00 

6.76 

6.60 

7.00 

\Half  without  8. 0. 

0.60 

0.76 

1.26 

2.00 

3.00 

3.76 

4.60 

6.26 

6.26 

No. 

4 

/Half  with  8. 0. . . . 

1.60 

2.26 

3.00 

3.60 

4.26 

6.00 

6.76 

6.60 

7.26 

\Ualf  without  8. 0. 

1.00 

1.60 

2.00 

2.76 

3.26 

3.76 

4.60 

6.26 

6.00 

No. 

5 

/Half  with  8. 0.... 

1.76 

2.26 

3.00 

3.76 

4.60 

6.26 

6.76 

6.26 

7.00 

\Half  without  8. 0. 

1.00 

1.60 

2.26 

2.00 

3.60 

4.00 

4.60 

6.00 

6.76 

No. 

6 

/Half  with  8. 0. . . . 

2.00 

2.75 

3.60 

4.26 

6.26 

6.76 

6.26 

7.00 

]- 

\Half  without  8. 0. 

1.26 

1.76 

2.60 

3.00 

3.76 

4.26 

4.76 

6.76 

No. 

7 

/Half  with  8.  C... 

1.00 

2.00 

3.00 

3.76 

4.76 

6.60 

6.26 

7.00 

7.60 

\Half  without  8. 0. 

0.76 

1.26 

2.00 

2.60 

3.26 

4.00 

4.60 

6.26 

6.76 

No. 

8 

/Half with 8. 0... . 

1.26 

1.60 

2.26 

3.00 

4.00 

4.76 

6.60 

6.26 

7.00 

\Half  without  8. 0. 

0.76 

1.00 

1.26 

1.76 

3.60 

3.26 

3.76 

4.60 

6.26 

No. 

9 

Half  with  8. 0. . . . 
Half  without  8. 0. 

2.26 

2.76 

3.60 

4.00 

4.76 

6.60 

6.26 

7.26 

1" 

1.00 

1.60 

2.26 

2.75 

3.26 

4.00 

4.60 

6.26 

No. 

10 

/Half  with  8. 0... 

1.60 

2.26 

3.00 

3.60 

4.26 

6.00 

6.60 

6.26 

7.26 

\Half  without  8. 0. 

0.60 

1.00 

1.76 

2.26 

3.00 

3.76 

4.60 

6.26 

6.00 

No. 

11 

/Half  with  8. 0. . . . 

1.00 

1.76 

2.60 

3.60 

4.26 

6.00 

6.76 

6.60 

7.26 

\Half  without  8.0. 

0.60 

1.00 

1.76 

2.60 

3.26 

4.00 

4.60 

6.26 

6.00 

■W^k    **» 

/Half  with  8. 0... 

2.60 

3.26 

4.00 

4.76 

6.60 

6.26 

7.00 

7.76 

K 

IMO. 

A« 

\Half  without  8. 0. 

1.26 

1.76 

2.26 

2.76 

3.26 

4.00 

4.60 

6.26 

■v** 

«9 

/Half  with  8.  C... 

1.76 

2.26 

3.00 

3.76 

4.60 

6.26 

6.76 

6.60 

7.26 

no*  «o 

\Half  without  8. 0. 

0.60 

1.26 

1.76 

2.60 

3.26 

4.00 

4.76 

6.60 

6.00 

No. 

14 

/Half  with  8.  C... 

0.76 

1.60 

2.26 

2.76 

3.76 

4.60 

6.26 

6.26 

7.26 

\Half  without  8. 0. 

0.26 

0.76 

1.60 

2.26 

3.00 

3.76 

4.60 

6.26 

6.26 

No. 

16 

/Half  with  8. 0.... 

1.60 

2.00 

2.76 

3.76 

4.60 

6.26 

6.00 

6.76 

7.26 

\Halfwtthoot8.0. 

0.60 

1.26 

1.76 

2.60 

3.26 

4.00 

4.76 

6.26 

6.00 

No. 

16 

/Half  with  8.O.... 

2.00 

2.76 

3.26 

4.00 

4.60 

6.26 

6.00 

6.60 

7.26 

\Half  without  8. 0. 

0.76 

1.26 

1.76 

2.60 

3.26 

4.00 

4.76 

6.26 

6.00 
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Table  2. — Record  of  expenmenU  12  and  12a  (for  1  day  to  9  day9) — Cootinued. 

[Forty  disks  e^ch  with  insulated  halves,  one  with  sense-organs,  the  otho-  without.     Mg. 

water.     The  letter  C  after  the  measurement  for  any  day  indicates  that  the  central  cavity 
had  been  filled  by  the  regenerated  tissue.] 


Specimen. 

Iday. 

2  days. 

3  days. 

4da3rs. 

6  days. 

6  days. 

7  days. 

8  days. 

9day8. 

^     ,- /Half with 8. 0.... 
^o-  *^\Half  without  S.O 

1.76 

2.60 

3.26 

4.00 

4.76 

6.26 

6.00 

6.76 

7.60 

0.60 

1.26 

2.00 

2.60 

3.26 

4.00 

4.76 

5.26 

6.00 

„     ,Q  /Half  with  a  O.... 
^^'  *^\Half  without  8.0. 

2.26 

3.00 

3.75 

4.60 

6.00 

6.00 

7.00 

1- 

•   •   •   • 

1.00 

1.50 

2.26 

2.76 

3.60 

4.26 

6.26 

•   •   •  • 

T^     ,^ /Half  with S.O.... 
^^•**\Half  without  8. 0. 

2.75 

3.26 

4.50 

6.25 

6.00 

6.76 

7.60 

]- 

•   ■   •  • 

1.50 

2.00 

2.60 

3.25 

3.75 

4.26 

5.00 

•   •   •   • 

T^     ^/Halfwith8.0.... 
yo.  20  |g^  without  8. 0 . 

1.60 

2.26 

3.00 

3.75 

4.60 

6.60 

6.26 

7.00 

7.76 

0.75 

1.50 

2.00 

2.50 

3.25 

4.00 

4.75 

5.25 

6.00 

T^     ^,  /Half with 8. 0.... 
^^"^^  \Half  without  8. 0. 

3.00 

3.50 

4.26 

4.75 

5.25 

6.00 

6.75 

7.50 

ic 

1.50 

2.00 

2.50 

3.26 

3.75 

4.60 

5.26 

6.00 

T^     ^ /Half  with S.O.... 
^^•^^  [Half  without 8. 0. 

2.25 

2.75 

3.25 

3.75 

4.50 

6.25 

6.00 

6.50 

7.26 

1.00 

1.50 

2.00 

2.50 

3.25 

4.00 

4.75 

6.50 

6.26 

^     ^, /Half with 8. 0.... 
"^®'''*  \Half  without  8. 0. 

1.60 

2.26 

3.00 

3.75 

4.26 

6.00 

5.75 

6.60 

7.25 

0.75 

1.25 

2.00 

2.75 

3.50 

4.26 

5.00 

5.76 

6.00 

^          /HalfwithS.O.... 
^^•-^iHalf  without  8. 0. 

2.00 

2.50 

3.25 

3.75 

4.60 

5.00 

6.75 

6.26 

7.00 

0.75 

1.50 

2.25 

1.75 

3.26 

3.75 

4.50 

6.00 

6.75 

T^^     «-  /Half  with  8. 0 

^*^*  ^  iHalf  without  8. 0 

1.25 

2.00 

2.75 

3.50 

4.75 

5.26 

6.00 

6.75 

7.60 

0.50 

1.00 

1.50 

2.25 

2.00 

3.50 

4.26 

6.00 

6.00 

^     «-  fHalfwithS.O.... 
^  **•  ^  \  Half  without  8. 0. 

1.75 

2.25 

3.00 

4.00 

4.75 

6.25 

6.00 

7.00 

8.00 

0.50 

1.00 

1.50 

2.60 

3.25 

3.75 

4.50 

5.25 

6.26 

^     ^  /Half  with  8. 0 

^^•^IHalf  without  8. 0. 

2.50 

3.25 

4.00 

4.75 

5.50 

6.50 

7.50 

8.25 

1- 

1.00 

1.75 

2.50 

3.26 

4.00 

4.76 

6.60 

6.26 

^     «Q /Halfwith8:0.... 
^^^'^^IHalf  without  8. 0. 

2.25 

3.00 

3.50 

4.00 

4.76 

6.50 

6.26 

7.00 

7.76 

1.00 

1.75 

2.25 

3.00 

3.50 

4.00 

4.75 

5.26 

6.00 

•J     ^ /Half  with  8.  O.... 
^*^'^\Half  without  8. 0. 

1.75 

2.50 

2.00 

3.75 

4.25 

5.00 

6.75 

6.60 

7.26 

1.00 

1.75 

2.26 

2.75 

3.50 

4.26 

6.00 

6.76 

6.60 

*j     «^ /Half  with 8. 0.... 
^*^*  "*"  1  UaU  without  8. 0. 

2.76 

3.25 

4.00 

5.00 

6.00 

6.75 

7.60 

1- 

•   •  •   • 

1.75 

1.60 

2.25 

3.00 

3.75 

4.00 

6.00 

•   •  •   • 

xr«  Qi  /Half with 8. 0.... 
^®'**  IHalf  without  8. 0. 

2.26 

3.00 

3.75 

4.50 

6.25 

6.00 

6.76 

7.60 

}<= 

1.00 

1.50 

2.25 

3.00 

3.76 

4.60 

6.26 

6.00 

Tc«  oo /Half  with  8. 0.... 
^^^'^-^IHalf  without  8. 0 

1.60 

2.50 

3.25 

3.75 

4.50 

5.26 

6.00 

6.76 

7.60 

0.50 

1.25 

2.00 

2.75 

3.60 

4.26 

6.00 

6.75 

6.26 

v^  „«  /HaUwith8.0.... 
^°**  IHalf  without  8. 0 

2.00 

2.75 

3.25 

4.00 

4.60 

5.25 

6.00 

6.75 

7.60 

0.75 

1.50 

2.00 

2.75 

3.25 

4.00 

4.76 

6.60 

6.26 

T^     ^/HalfwithS.O... 
^®*  **  \Half  without  8. 0. 

1.00 

1.75 

2.50 

3.26 

4.00 

5.00 

6.76 

6.50 

7.26 

0.26 

1.00 

1.75 

2.00 

2.75 

3,50 

4.26 

6.00 

6.75 

v«  or /Half with 8. 0.... 
^®*  "^  \Half  without  8. 0. 

1.75 

2.50 

3.25 

3.75 

4.60 

6.26 

6.00 

6.76 

7.60 

1.00 

1.50 

2.25 

2.76 

3.60 

4.26 

4.76 

6.60 

6.26 

TM«  OA /HalfwithS.O.... 
'^^■"^  IHalf  without  8. 0 

2.26 

3.00 

3.60 

4.00 

4.60 

5.25 

6.00 

6.60 

7.25 

1.00 

1.75 

2.60 

3.26 

4.00 

4.76 

6.60 

6.00 

6.76 

v«  07 /HalfwithS.O.... 
^*^'*^  IHalf  without  8. 0. 

1.60 

2.26 

3.00 

3.76 

4.60 

6.26 

6.00 

6.7S 

7.76 

0.76 

1.60 

2.26 

2.76 

3.60 

4.26 

6.00 

6.76 

6.60 

v«  oo /HalfwithS.O,... 
^^^^"^  IHalf  without  8.0. 

2.75 

3.60 

4.26 

6.00 

5.76 

6.50 

7.26 

8.00 

]- 

1.00 

1.75 

2.50 

3.26 

4.00 

4.75 

6.60 

6.00 

^     «^ /HalfwithS.O.... 
^^"^  IHalf  without  8.0. 

2.25 

3.00 

3.50 

4.26 

6.00 

6.50 

6.00 

6.76 

7.60 

0.76 

1.50 

2.25 

3.00 

3.75 

4.60 

6.00 

6.76 

6.60 

v«  ^/HalfwithS.O.... 
^®*"  IHalf  without  S.O. 

1.50 

2.25 

3.00 

3.50 

4.26 

5.00 

5.75 

6.60 

7.26 

0.50 

1.25 

2.75 

2.76 

3.60 

4.26 

6.00 

6.75 

6.60 

Mean  of  all  observations: 

HalfwithS.O 

2.00 

2.35 

2.92 

3.65 

4.57 

6.17 

6.94 

6.47 

7.40 

Half  without  8.0. 

0.85 

1.43 

2.00 

2.85 

3.45 

4.23 

4.87      6.74 

6.47 

Experiments  with  KCN  or  chloroform  dissolved  in  sea-water  did  not 
give  satisfactory  results.  In  both  these  solutions  the  tissues  of  the 
medusa  underwent  rapid  disintegration  if  the  amount  of  the  reagent 
present  was  sufficient  to  bring  about  any  noticeable  effect  upon  the 
activity  of  the  sense-organs. 
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When  medusse  are  treated  with  a  weak  solution  of  oxaUc  acid  in 
magnesium-free  artificial  sea-water  it  is  possible  to  destroy  the  activity 
of  the  sense-organs  for  a  considerable  time  without  seriously  injuring 
the  other  tissues.  In  all  my  experiments,  however,  recovery  of  f\mc- 
tional  activity  by  the  sense-organs  took  place  within  24  hours  if  the 
oxalie-acid  solution  was  of  such  a  strength  that  the  ectodermal  tissues 
were  not  injured.  In  such  experiments  there  was  at  first  an  equal  rate 
of  regeneration  for  each  of  the  halves  of  a  disk  until  the  sense-organs 


Flo.  7. — CRiowiikc  the  rates  of  receneratioD  of  active  and  inaetive  half-disks  regen- 
eratinc  in  sea-water  to  which  has  been  added  15  parts  of  0.6  m  M88O4.  The 
upper  line  represents  the  half  with  sense-organs;  the  lower  line  represents  those 
without  sense-organs.  The  divisioos  along  the  ordinate  represent  the  amount 
of  regeneration  in  millimeters;  those  along  the  abscissa  the  time  of  regeneration 
in  days. 

regained  their  functional  activity,  after  which  the  half-disk  with  sense- 
organs  regenerated  most  rapidly. 

The  experiments  with  Mg  solutions  show  that  there  is  an  influence 
of  the  sense-organs  on  the  rate  of  regeneration  which  is  apparently 
exercised  for  a  considerable  time  after  muscular  activity  has  been 
suiq^ressed.  It  was  impossible,  however,  by  this  method  to  differentiate 
with  any  certainty  between  the  two  effects,  since  there  is  no  visual 
means  of  ascertaining  the  exact  time  at  which  the  sense-organs  lose  their 
power  of  sending  out  the  stimuli  necessary  for  normal  contraction. 
Since,  as  was  shown  by  Mayer  (op.  cU.),  it  is  possible  to  maintain  a 
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eircuit  wave  of  contraction  in  the  muscles  of  a  half-disk  without  sense- 
organs  by  making  a  series  of  cuts  by  which  an  endless  labyrinth  of 
subumbrella  tissue  is  formed  (figs.  4  and  5),  the  part  played  by  muscular 
activity  and  that  by  the  stimuli  from  the  sense-organs  can  be  directly 
compared.  In  such  experiments  all  the  sense-organs  were  removed 
from  the  medusa  disks,  the  halves  insulated,  and  a  circuit  wave  of 
contraction  started  by  an  induction  shock  in  a  labyrinth  cut  in  the 
muscle-tissues  of  one  of  its  halves.  Once  established,  the  contraction 
wave  would  be  maintained  throughout  the  course  of  an  experiment 
unless  interrupted  by  an  unusually  strong  stimulus  through  some 
accident  in  handling.  When  interrupted  in  this  way  the  circuit  wave 
could  be  established  again  by  renewed  electrical  stimulation.  The 
amplitude  of  the  contraction  wave  becomes  gradually  reduced  as  tune 
goes  on,  but  there  is  little  variation  in  its  rate.  When  the  rates  of 
regeneration  of  the  halves  of  any  disk  prepared  in  this  manner  are 
compared,  it  is  fo\md  that  the  half  in  which  the  circuit  wave  is  main- 
tained regenerates  slightly  faster  than  the  inactive  one.  This  differ- 
ence in  rate  is,  however,  very  much  less  than  between  the  halves  of  a 
disk  from  one-half  of  which  the  sense-organs  have  been  removed 
(compare  figs.  6  and  8),  althou^  the  activated  disk  pulsates  from  3  to 
10  times  as  fast  as  the  one  under  the  control  of  the  sense-organs. 

Tablb  3. — Reeordfor  1  to9  days, 

[Forty  •peoimens  from  which  all  of  the  sense^rgans  had  beea  removed  and  the  subumbrella 
muscles  o/l  one  half  activated  by  a  circuit  wave  of  contraction  (fig.  8).  The  letter  C  after 
the  measurement  for  any  day  indicates  that  the  central  cavity  had  been  filled  by  the 
regenerated  tissue.] 


Specimen. 


No.  1 
No.  2 
No.  3 
No.  4 
No.  6 
No.  6 
No.  7 
No.  8 
No.  9 
No.  10 
No.  11 
No.  12 


Activated  half 

Half  without  S.  O 

Activated  half 

Half  without  8.  O 

Activated  half 

Half  without  S.  O 

! Activated  half 
Half  without  S.  O 
Activated  half 
Half  without  S.  O 

Activated  half 

Half  without  8.  O 

Activated  half 

Half  without  S.  O 

Activated  half 

Half  without  S.  O 

Activated  half 

Half  without  S.  O 

i  Activated  half.... 
Half  without  S.  O 
Activated  half 
Half  without  S.  O 
fActivated  half. . . . 
\Half  without  S.  O 


Iday. 


2 
1 
2 
2 
1 
1 
1 
1 
2 
1 
2 
1 
2 
2 
3 
2 
1 
0 
1 
1 
2 
2 
3 
3 


.00 
.76 
.50 
.00 
.76 
.60 
.60 
.26 
.26 
.75 
.00 
.76 
.76 
.25 
.00 
.60 
.00 
.76 
.76 
.60 
.60 
.26 
.60 
.26 


2  dajrs. 


3.25 
2.75 
3.26 
3.00 
3.00 
2.26 
2.75 
2.60 
3.25 
2.76 
3.25 
2.76 
4.00 
3.26 
4.00 
3.00 
2.25 
1.75 
3.00 
2.50 
3.25 
2.75 
4.25 
3.75 


3  days. 


4.60 
4.00 
4.75 
4.26 
4.50 
3.25 
4.00 
3.50 
4.50 
4.00 
4.75 
4.00 
6.00 
4.25 
6.25 
4.60 
3.60 
3.00 
4.26 
3.60 
4.60 
4.00 
6.25 
4.76 


4  days. 


6.26 
6.50 
6.60 
6.00 
6.00 
6.26 
6.00 
5.26 
6.26 
5.60 
6.00 
6.60 
6.50 
5.50 
6.60 
6.76 
6.25 
3.75 
6.00 
6.00 
6.26 
3.76 
6.75 
6.00 


5  days. 


7.25 
6.60 
8.00 
7.60 
7.00 
6.25 
7.25 
6.00 
7.00 
6.25 
7.50 
6.50 
8.00 
7.00 
8.00 
7.25 
6.50 
6.76 
7.60 
6.26 
7.26 
6.75 
8.25 
7.60 


6  days. 


8.00 
7.25 


8.26 
7.00 
8.26 
7.00 
8.26 
7.26 
8.50 
7.26 


}' 


8.00 
7.26 
8.25 
7.00 
8.00 
7.60 
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Table  Z,— Record  for  1  io9  days — Continued. 

Forty  speeunens  from  which  all  of  the  aeiuBe-organs  had  been  removed,  and  the  subumbrelia 
muBcles  of  one  half  activated  by  a  circuit  wave  of  contraction  (fig.  8).  The  letter  C  after 
the  measorement  for  any  day  indicates  that  the  central  cavity  had  been  filled  by  the 
reaeDerated  tiasue.] 


Specimen. 


^  ,^  /Activated  half — 
«o-  1^  \Half  without  8.  O 

-^      ,  -  /Activated  half 

^^  **  1  Half  without  8.  O 

^     ,  .  /Activated  half 

No,  15  ^g^  without  8.  O 

,^     ,^  /Activated  half 

"o-  10  \Half  without  8.  O 

-^     --  /Activated  half 

«o.  17  ^^^  without  8.  O 

TkT     ifi  /Activated  half 

No-  *»  \Half  without  8.  O 

_     .^  /Activated  half 

wo.  1»  ^^jjj  without  8.  O 

ikT     lA  /Activated  half 

No,  M  ^Half  without  8.  O 

^     «-  /Activated  half 

^^  2*  IHalf  without  8.  O 
-^  ^  /Activated  half. . . . 
^^'  ^  IHalf  without  8.  O 

M^  vk  /Activated  half 

NO.  23  ^Half  without  8.  O 

„     «-  /Activated  half 

NO.  24  ^g^  without  8.  O 

^     <..  /Activated  half 

^^  ^  IHalf  without  8.  O 

^     t^  /Activated  half 

NO.  »  ^Haif  without  8.  O 

,^     A-  /Activated  half 

'^^^  -^  1  HaM  without  8.  O 

KT     ofi  /Activated  half 

NO.  -»  \Half  without  8.  O 

^     oo  /Activated  half 

NO.  M  ^  Half  without  8.  O 

la     ivi  /Activated  half 

NO.  W  ^  Half  without  8.  O 

^^  -J,  /Activated  half 

NO.  31  ^Half  without  8.  O 

w^  «o  /Activated  half 

NO.  32  JHalf  without  8.  O 

Ttf«  Q«  /Activated  half 

^'^'  *  1  Half  without  8.  O 

la^  QA  /Activated  half 

"®-  "**  1  Half  without  8.  O 

u^  ojr  /Activated  half 

NO.  «  ^Half  without  8.  O 

M^  9A  /Activated  half 

^^  "^  1  Half  without  8.  O 

M^  Q7  /Activated  half 

NO.  ^/  ^Half  without  8.  O 

w^  «o  /Activated  half 

'^  **  IHalf  without  8.  O 

M^  ao  /Activated  half 

NO-  w  ^jj^  without  8.  O 

V**  ^A  /Activated  half 

^^'  *"  \Half  without  8.  O 
Mean  of  all  obeervations: 

Activated  half. . . 

Half  without  8.  O 


1  day. 


1 
1 
2 
1 
2 
2 
1 
0 
1 
1 
2 
2 
1 
1 
2 
1 
1 
1 
2 
2 
2 
1 
3 
2 
1 
1 
1 
0 
2 
1 
2 
1 
2 
1 
1 
1 
2 
1 
2 
2 
4 
8 
2 
1 
1 
1 
1 
0 
1 
1 
2 
1 
1 
0 
2 
1 

2 
1 


.26 
.00 
.00 
.76 
.26 
.00 
.00 
.76 
.75 
.60 
.50 
.26 
.26 
.00 
.00 
.76 
.76 
.60 
.50 
.00 
.00 
.76 
.00 
.60 
.60 
.26 
.00 
.76 
.00 
.76 
.26 
.76 
.00 
.76 
.60 
.26 
.00 
.60 
.75 
.26 
.00 
.50 
.00 
.76 
.26 
.00 
.00 
.76 
.60 
.26 
.00 
.76 
.00 
.76 
.00 
.76 

.00 
.73 


2  days. 


2.60 
2.26 
3.26 
2.76 
3.50 
3.00 
2.60 
2.26 
3.00 
2.50 
3.60 
3.00 
2.75 
2.50 
3.25 
2.75 
3.00 
2.75 
3.25 
2.75 
3.00 
2.76 
3.76 
3.26 
2.60 
2.25 
2.50 
2.26 
3.26 
3.00 
3.26 
2.75 
3.00 
2.76 
2.60 
2.25 
3.00 
2.50 
3.60 
3.00 
5,75 
4.76 
3.60 
8.00 
2.60 
2.26 
2.50 
2.00 
3.00 
2.76 
3.00 
2.75 
2.26 
2.00 
3.00 
2.50 

8.27 

2.87 


3  days. 


4.26 
4.00 
4.60 
4.00 
4.60 
4.00 
4.26 
4.00 
4.25 
3.76 
4.60 
4.00 
4.00 
3.76 
4.60 
4.00 
4.60 
4.00 
4.50 
4.00 
4.50 
4.00 
6.00 
4.26 
4.26 
4.00 
4.60 
4.00 
4.50 
3.75 
4.50 
4.00 
4.76 
4.00 
4.00 
3.76 
4.60 
4.00 
4.76 
4.00 
7.75 
7.00 
6.00 
4.26 
4.00 
3,76 
4.25 
3.75 
4.75 
4.26 
4.25 
4.00 
4.00 
3.76 
4.60 
4.00 

4.67 
4.06 


4  days. 


6.00 
6.60 
6.25 
6.76 
6.60 
6.00 
6.00 
6.00 
6.00 
6.60 
6.60 
6.00 
6.00 
5,75 
6.00 
5.76 
6.26 
6.50 
6.00 
5.60 
6.00 
6.25 
6.26 
5.50 
5.76 
6.60 
6.25 
5.60 
6.50 
5.75 
6.26 
6.60 
6.25 
6.60 
6.00 
6.60 
6.00 
6.25 
6.76 
6.76 
8.75 
7.75 
6.50 
6.76 
6.00 
6,75 
6.00 
6.50 
6.25 
6.60 
6.00 
6.50 
6.00 
5.25 
6.60 
6.60 

6.16 
6.67 


6  days. 


}' 


7.60 
6.75 
7.25 
6.50 
8.00 
7.25 
7.25 
6.26 
7.26 
6.76 
8.60 
7.76 
7,00 
6.76 
7.26 
6.50 
7.26 
6.60 
7.00 
6.25 
7.00 
6.26 
8.00 
7.25 
7.00 
6.60 
7.00 
6.25 
7.26 
6.60 
7.00 
6.25 
7.25 
6.26 
7.00 
6.60 
7.26 
6.26 
7.50 
6.76 


8.00 
7.60 
7.60 
6.50 
7.25 
6.75 
7.26 
6.60 
7.25 
6.60 
7.00 
6.25 
7.50 
6.26 

7.23 
6.36 


6  days. 


}■ 


}' 


}■ 


8.50 
7.25 
8.26 
7.26 


8.25 
7.00 
8.00 
7.50 


7.76 
7.60 
8.00 
7.26 
8.00 
7.26 
8.25 
7.26 
8.00 
7.26 


8.00 
7.60 
8.00 
7.26 
8.00 
7.25 
8.00 
7.25 
8.00 
7.00 
8.26 
7.25 
8.00 
7.00 
8.60 
7.26 


}• 


8.60 
7.25 
8.00 
7.50 
8.00 
7.25 
8.25 
7,26 
8.26 
7.60 
8.60 
7.00 

8.12 

7.27 
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The  amount  of  activity  and  metabolism  in  the  muscles  if  they  have 
any  noticeable  influence  on  the  rate  of  regeneration  ought  to  produce 
a  clearly  demonstrable  result,  but  as  shown  by  the  data  in  table  3 
and  figure  8  the  difference  is  relatively  small.  IVom  the  point  of  view 
of  the  chemical  nature  of  metabolism  (including  regeneration)  the 


9 


8 


0  12  3  4  5  6 

Fia.  8. — Showing  rates  of  regenerataon  of  activated  and  inaetrre 
half-disks.  The  upper  line  represente  the  activated  and  the 
lower  line  the  inactive  specimens.  The  divisions  alcmg  the 
absdsea  represent  regeneration  in  miUimeters;  those  along  the 
ordinate  represent  time  in  days. 

difference  in  temperature  might  conceivably  be  sufficient  to  accoimt 
for  the  observed  difference  in  rate  of  regeneration.  The  half-disks  in 
which  the  circuit  wave  is  maintained  show  a  greater  r^^ularity  in  the 
rate  of  regeneration  than  do  the  active  disks  recorded  in  table  1. 

Further  demonstration  of  the  influence  of  the  sense-organs  on  the 
rate  of  r^eneration  is  furnished  in  another  series  of  experim^its  in 
which  the  two  insulated  halves  of  a  disk  are  compared,  one  of  which  is 
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ccHitaracting  nonnally  under  the  influence  of  its  sense-organs,  while  all 
the  sense-organs  are  removed  from  the  other  half  and  a  circuit  wave  of 
contraction  maintained  in  a  labyrinth  of  its  subiunbrella  muscles.  In 
a  disk  prepared  in  this  manner  the  rate  of  pulsation  of  the  activated 
half  will  vary  from  3  to  10  times  that  of  the  normally  contracting  half. 
The  comi>arative  rates  of  regeneration  for  40  disks  under  these 
conditions  are  shown  in  table  4  and  figure  9. 

Table  4. — Record  for  t  ioS  daya, 

[Forty  qjedmeoB,  one  half  of  each  one  pulsating  under  the  control  of  its  sense-orsans,  while  a 
drcoit  wave  of  contraction  was  maintained  in  the  subumbrdla  muscles  of  the  other  half 
(fis-  10).  The  letter  C  after  the  measurement  for  any  day  indicates  that  the  central  carity 
had  been  filled  by  the  regenerated  Ussue.] 


Speomen. 

1  day. 

2  days. 

3  dmyB. 

4  days. 

5  dagrs. 

„       ,  /Half  with  S.0 

^^    *  \Aetivated  half 

8.00 

4.26 

6.76 

7.60 

9.00 

2.25 

8.25 

4.50 

6.00 

7.50 

„       „ /Half  with  8.  O 

1.76 

3.60 

5.60 

7.25 

9.00 

^^'    *  \ActiYated  half 

1.60 

3.25 

6.25 

7.00 

8.00 

„       , /Half  with  S.  O 

^^-    ^  UetiTated  half 

4.00 

5.50 

6.75 

8.26 

h 

3.60 

4.75 

6.60 

7.60 

„       . /Half  with  S.  0 

'*^'    *  Uctivated  half 

2.60 

4.26 

6.60 

7.60 

9.50 

2.00 

3.75 

4.75 

6.75 

8.00 

„       . /Half  with  S.  O 

^^-    *  1  Aetirated  half 

2.00 

4.00 

5.60 

7.50 

9.00 

1.50 

3.25 

4.50 

6.00 

7.50 

„      ^ /Half  with  S.  O 

^^'    •  lActirated  half 

2.75 

4.25 

6.75 

7.76 

9.26 

2.00 

3.50 

4.76 

6.60 

7.50 

„^     . /Half  with  S.  O 

^^'    ^  ^Activated  half 

2.60 

4.00 

6.60 

7.26 

8.76 

2.00 

8.25 

4.76 

6.26 

7.76 

„^     a /Half  with  S.  O 

^^'    *  \Actiyated  half 

2.25 

4.26 

6.76 

7.50 

9.00 

1.76 

3.00 

4.26 

6.00 

7.50 

jj          fHalfwithaO 

^^'    *    Activated  half 

8.00 

4.50 

6.75 

7.75 

9.26 

2.50 

3.75 

6.00 

6.50 

7.50 

^^  -^ /Half  with  8.  O 

^^•*®   Activated  half 

1.60 

8.00 

6.00 

7.00 

9.00 

1.25 

2.75 

4.50 

6.25 

8.00 

„     ,, /Half  with  S.  O 

"^  "  \Activated  half 

2.25 

4.00 

6.50 

7.00 

9.00 

1.76 

3.26 

4.75 

6.26 

7.50 

„     ,<. /Half  with  S.  O 

^°- "  1  Activated  half 

3.00 

4.75 

5.50 

7.75 

9.25 

2.25 

3.26 

4.50 

6.00 

7.25 

„     ,, /Half  with  8.  O 

"®- *^  lActivated  half 

2.50 

4.00 

5.76 

7.25 

9.00 

2.00 

3.50 

4.75 

6.26 

7.25 

^     ,. /Half  with  8.  O 

"^- "  1  Activated  half 

2.75 

4.25 

5.75 

7.75 

9.25 

2.25 

3.50 

4.50 

6.50 

7.75 

M^  ../Half  with  8.  O 

'^*^- **  \Activated  half 

3.00 

4.25 

5.75 

8.00 

9.25 

2.26 

3.25 

4.75 

6.25 

7.50 

T^     ,^ /Half  with  8.  O 

^°- *®  \Activated  half 

4.00 

6.00 

7.75 

0.50 

1- 

3.25 

5.25 

7.00 

8.25 

T^^  ,, /Half  with  8.  O 

^^- ^^  \Activated  half 

2.50 

4.25 

5.50 

7.25 

9.00 

2.00 

3.25 

4.75 

6.50 

7.75 

„     ,Q /Half  with  8.  O 

^^•^®    Activated  half 

2.00 

4.00 

5.75 

7.25 

9.25 

1.50 

3.50 

4.75 

6.00 

7.50 

„     ,« /Half  with  8.  O 

^°*  ^®  \Activated  half 

2.75 

4.25 

5.50 

7.25 

8.75 

2.00 

3.25 

4.50 

6.50 

8.00 

„^  «^ /HaU  with  8.  O 

2.25 

4.00 

5.75 

7.50 

9.00 

1.50 

3.25 

4.75 

6.25 

7.25 

„     «-  /Half  with  8.  O 

^®- 2^  \Acttvated  half 

3.00 

4.50 

6.00 

9.00 

)- 

2.50 

4.00 

4.75 

7.60 

„^  ^ /Half  with  8.  O 

"®* '^^  \AcUvated  half 

2.25 

4.00 

6.00 

8.00 

>^ 

2.00 

3.76 

5.50 

7.75 
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Tabls  A.'-R&oord  far  1  tod  ckiy»— ContinuecL 

[Forty  spedmeiM,  one  half  of  each  one  pulmtiDc  under  the  control  of  its  Benee-orgBoa,  while  « 
cireuit  wave  of  contraction  was  maintained  in  the  subumbrella  musdea  of  the  other  half 
(fic.  10).  The  letter  C  after  the  measurement  for  any  day  indicates  that  the  central  cavity 
had  been  filled  by  the  regenerated  tissue.] 


Specimen. 

Iday. 

2day8. 

Sdays. 

4  days. 

6  days. 

^          fHalfwithS-O 

^^- ^  1  Activated  half 

2.76 

4.25 

6.00 

7.50 

9.00 

2.25 

3.50 

5.00 

6.25 

7.50 

v«  OA /Half  with  8.  O 

'^*^- -^  1  Activated  half 

2.50 

4.00 

5.75 

7.75 

9.26 

2.00 

3.25 

4.75 

6.25 

7.50 

M^  OK  /Half  with  8.  O 

^^- ^  lActivated  half 

1.25 

3.50 

5.50 

7.25 

9.00 

1.00 

3.00 

4.75 

6.00 

7.00 

„     _ /Half  with  8.  O 

^^' ^  lActivated  half 

3.00 

5.00 

6.50 

9.00 

]- 

2.25 

3.50 

5.00 

7.50 

^     27  fHalf  with  8.  O 

"*^- -^  1  Activated  half 

4.00 

6.00 

0.00 

K 

■  ■  •   • 

3.25 

5.50 

8.25 

•   •  •  • 

M^  Oft  /Half  with  8.  O 

^^•^    Activated  half 

2.75 

4.00 

5.75 

8.00 

9.50 

2.00 

3.25 

4.75 

6.50 

8.00 

^^  „n  /Half  with  8.  O 

N^- ^*>  (Activated  half 

1.75 

3.75 

5.50 

7.26 

8.50 

1.00 

3.25 

4.25 

6.00 

7.00 

^^  ^ /Half  with  8.  O 

^^- ^  \Activated  half 

2.50 

4.00 

5.75 

7.76 

9.00 

2.00 

3.00 

4.75 

6.50 

7.26 

T^^  „-  /Half  with  a  O 

^®- ^^Activated  half 

1.50 

3.50 

5.50 

7.50 

8.75 

1.00 

3.00 

4.75 

6.25 

7.26 

Activated  half 

3.00 

4.25 

5.75 

7.50 

8.50 

2.25 

3.50 

4.75 

6.25 

7.50 

T^^  ,, /Half  with  8.  O 

N«-  ^  \Activated  half 

2.25 

3.75 

5.50 

7.50 

9.00 

1.75 

3.00 

4.25 

5.76 

7.25 

v«  q^ /Half  with  8.  O 

^®*  "^  lActivated  half 

2.00 

3.50 

5.50 

7.75 

9.00 

1.75 

2.75 

4.75 

6.25 

7.00 

T^^  «. /Half  with  8.  O 

No- ^  \Activated  half 

2.75 

4.00 

5.50 

7.75 

9.25 

2.00 

3.25 

4.75 

6.25 

7.50 

v«  OA /Half  with  8.  O 

No- ^    Activated  half 

3.00 

4.00 

5.75 

8.00 

9.25 

2.25 

3.25 

4.75 

6.50 

7.00 

T^^  ,-  /Half  with  8.  O 

^®- ^^  lActivated  half 

3.50 

5.00 

7.25 

9.25 

)•= 

2.25 

3.50 

5.00 

7.50 

^^  ,e /Half  with  8.  O 

^^'  ^^  lActivated  half 

2.75 

4.00 

5.75 

7.76 

9.25 

2.00 

3.25 

4.50 

6.25 

7.00 

xr«  Qo  /Half  with  8.  O 

No- 3»  (Activated  hiOf 

2.00 

3.75 

5.50 

7.75 

8.75 

1.50 

3.25 

4.75 

6.25 

7.25 

T^     ^ /Half  with  8.  O 

^o- *"  \Activated  half 

4.00 

6.00 

8.75 

K 

•   «   •   •  * 

2.75 

4.50 

7.50 

■   •  •   • 

Mean  for  all  observations: 

Half  with  8.  O 

2.65 

4.05 

5.75 

7.63 

9.00 

Activated  half 

2.00 

3.27 

4.67 

6.15 

7.23 

A8  wa8  pointed  out  previously,  the  stimulus  for  pulsation  originates, 
at  any  given  time,  from  a  single  sense-organ,  and  pulsation  will  be 
continued  at  nearly  its  normal  rate  by  a  medusa  upon  which  a  single 
sense-organ  remains.  To  test  the  efficacy  of  a  single  sense-organ  to 
control  activities  other  than  muscular  contraction  a  series  of  disks 
prepared  as  above  described  (except  that  each  '* active"  half-disk  had 
a  single  sense-organ)  were  used  in  a  parallel  series  of  regeneration 
experiments.  In  all  instances  such  active  disks  showed  an  unusual 
irregularity  in  the  rate  of  pulsation,  since  there  was  present  no  other 
nerve-center  to  take  up  the  initiation  of  impulses  causing  pulsation 
whenever  the  rate  of  discharge  of  the  single  organ  fell  below  nonnal. 
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There  was  noticeable  an  indefinite  sort  of  rhythm  in  the  rate  of 

polsaticm,  as  if  the  sense-organ  imderw^it  periods  of  fatigue  from  whidi 

it  was  enabled  to  recover  after  having  giv^i  o£F  the  stimuli  for  pulsation 

for  a  time  at  a  rate  considerably  lower  than  that  observed  previous  to 

the  removal  of  the  other  centers.    Those  periods  of  depression  in  the 

pulsation-rate  were  of  such 

short    duraticm  that  they 

could  not  be  distinguished 

in   the   amount   of   tissue 

regenaratedy   if,    as  would 

seem  probable,  the  sense- 

OTgans  weare  a£Fecting  other 

metabolic  activities  in  a 

similar  manner. 

In  aU  experiments  of  this 
type  tlie  results  were  of  the 
same  nature  as  in  tiiose 
when  tiie  sense-organs  on 
the  activated  half-disks  had 
not  be^i  disturbed.  The 
amount  of  time  necessary 
to  bring  about  the  closing 
of  the  cavity  in  which  re- 
generation was  measured 
was  not  sufficiently  different 
from  that  in  specimens 
wha:e  the  active  half-disk 
retained  its  sense-organs  to 
indicate  any  serious  distur- 
bance in  metabolic  activity. 
The  different  specimens  in 
tiiese,  as  in  the  previous 
series,  showed  great  varia- 
tions in  physiological 
activity  (see  tables  1,  2,  3, 
and  4),  but  there  was  noth- 
ing strikingly  characteristic  about  the  behavior  of  the  specimens  with 
a  single  sense-organ. 

EFFECT  OF  TIME  INTERVAL  BETWEEN  SEPARATION  OF  DISKS  INTO 
HALVES  AND  REMOVAL  OF  SENSE-ORGANS. 

In  all  tiie  experim^its  on  regeneration  involving  half-disks  which 
retained  their  sense-organs  it  was  noticeable  that  the  difference  in 
rate  of  regeneration  from  the  two  halves  was  most  marked  during 


Fio.  9. — Showing  rates  of  refeneration  of  active  and 
activated  half-diaks.  The  diviaionB  along  the  ordi- 
nate represent  regeneration  in  millimeters;  those 
along  the  abedssa  represent  time  in  day>> 
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the  first  day  (see  figures  6,  7,  8,  9).  After  that  time  the  rates  of  the 
two  halves  gradually  became  more  nearly  equal,  until  at  the  ^id  of  an 
experiment,  if  the  amount  to  be  regenerated  was  large,  there  was  only  a 
dight  difference  between  the  rates  of  the  two  halves. 

In  a  series  of  experiments  designed  to  test  the  importance  of  the  time 
factor  in  the  difference  in  the  rate  of  regenerati<Hi,  sets  of  10  disks  each 
were  separated  into  halves  and  the  sense-organs  were  removed  from  one 
of  the  ludves  of  each  pair  at  intervals  of  2  hours.  It  was  soon  found  that 
no  effect  was  noticeable  if  the  centers  were  removed  in  lees  than  18 
hours,  and  in  most  experiments  25  or  more  hours  were  necessary  in 
order  that  the  rate  of  regeneration  should  be  the  same  fixmi  each  half 
of  a  disk.  When  the  second  operation  was  made  in  lees  than  24  hours 
from  the  time  of  dividing  the  disk  it  was  impossible  to  distinguish 
between  such  specimens  and  the  controls  from  which  half  of  the  s^ise- 
organs  were  removed  at  the  time  of  the  first  operati<m. 

Table  5  shows  the  effect  of  the  removal  of  the  sense-organs  from  a 
half-disk  of  a  pair  at  different  intervals  after  the  separation  of  the  disks 
into  halves,  each  series  consisting  of  10  specimens. 

Table  5. — Effect  upon  regeneration  ej  the  time  interwU  between  the  eeparatum  of  a  dUk  into 

haJbee  and  the  removal  of  the  eense-organe  from  ome  half. 


Series.  - 

First  operation. 

Rhopalia  re- 
moved. 

Remits. 

No.  1 . . . 
No.  2... 
No.  3 . . . 
No.  4... 
No.  6 . . . 

9^  45»  a.  m.  July  22 
8»»  00«  a.  m.  July  24 
7»»  15»  a.  m.  July  25 
8^  00«  a.  m.  July  25 
7»»  00"  a.  m.  July  26 

7  a.  m.  July  23 

7  p.  m.  July  24 

8  a.  m.  July  26 
4  p.  m.  July  25 
8  a.  m.  July  27 

Half  with  sense-organ  fastest. 
Half  with  sense-organ  fastest. 
Regeneration  equal. 
Half  with  sense-organ  fastest. 
Regeneration  equal. 

As  shown  above,  the  line  of  demarcation  between  the  time  when  no 
influence  of  the  sense-organs  will  be  appreciable  and  that  after  which 
their  removal  has  no  effect  is  sharply  drawn  at  an  interval  of  about  25 
hours.  In  each  series  of  disks  there  was  observed  the  same  irr^ularity 
in  physiological  activity  that  was  shown  among  the  members  of  any 
large  series.  The  individuals  of  the  highest  physiological  activity, 
as  shown  in  the  rate  of  regeneration,  were  the  first  to  show  the  effects 
of  the  sense-organs.  In  any  series  those  specimens  from  which  the 
sense-organs  could  first  be  removed  with  the  assurance  that  their 
influence  would  be  shown  on  the  later  stages  of  regeneration  could  be 
distinguished  after  12  hours  by  observing  the  rate  at  which  regeneration 
was  taking  place. 

The  foregoing  data  seem  to  show  conclusively  that  there  is  a  clearly 
marked  influence  of  the  sense-organs  upon  the  rate  of  regeneration  in 
Cassiopea.    There  is  no  evidence,  however,  that  the  presence  of  this 
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influence  is  necessary  for  the  formation  of  normal  structures  in  r^enera- 
tion,  as  Herbst  (1896  and  1899)  concluded  from  his  experim^its  on 
decapods;  or  as  maintained  by  several  of  the  earlier  workers  upon 
regeneration  in  platodes,  and  by  Walter  (1911)  for  Triton.  The  second 
of  these  q)ecial  cases  has  been  shown  by  the  studies  of  Morgan,  Child, 
and  Goldf  arb  to  be  conditioned  by  influences  other  than  the  presence  of 
the  nerve-centers.  The  work  of  Steele  has  shown  also  that  in  several 
species  of  Crustacea  the  removal  of  an  eye-stalk  is  not  followed  by  the 
regeneration  of  a  heteromorphic  structure. 

While  none  of  these  wockars  has  laid  any  stress  on  the  fact  that  the 
nwous  systan  exerts  an  influence  on  the  rajndity  of  the  early  stages 
of  regeneration,  it  has  been  noted  in  several  instimces  that  the  initial 
stages  of  regeneration  are  more  rapid  in  the  control  animals  than  in 
those  from  which  the  nervous  system  has  been  removed.  Thus, 
Goldfarb  (op.  cU.y  page  664)  states  that  in  salamanders  the  hind  limb 
dev^ops  mc^e  slowly  on  the  side  from  which  the  dorsal  ganglia  inner- 
vating the  leg  had  been  removed  than  does  that  of  the  opposite  sid^ 
in  ^Hiich  the  ganglia  remained  when  the  spixk9l  cord  had  already  be^ 
removed.  In  a  table  on  pages  665  and  666  he  shows  that  this  result 
was  observed  in  all  the  specimens  recorded  save  two,  in  one  of  which 
the  regenantion  was,  at  the  time  of  measurement,  equal  for  both  legs, 
while  in  a  single  specimen  the  regeneration  was  most  rapid  from  the 
aide  from  which  the  ganglia  were  removed. 

In  tadp(^  from  which  the  caudal  portion  of  the  spinal  cord  had 
be^i  removed  regeneration  of  the  tail  took  place  more  slowly  than  in 
tiie  control  animals  in  which  the  cord  was  uninjured  (p.  672).  Again, 
c<xiceming  earthwcmns  from  which  the  head  had  been  cut  off  and 
several  millimeters  of  the  ventral  cord  removed  he  says  (p.  708): 
''The  head  regenerates  rather  later  in  these  operated  animals  than  in 
control  animals.''  In  the  r^eneration  of  the  arms  of  the  starfi^ 
(p.  711)  a  similar  observation  is  recorded. 

Goldfarb,  however,  is  of  the  opinion  that "  any  severe  injury  *  *  *, 
whether  involving  the  nerves  or  any  other  tissue,  retards  regeneration." 
Stockard,  on  the  other  hand,  concluded  that  in  Cassiopea,  as  Morgan 
had  already  shown  for  a  considerable  niunber  of  animals,  the  rate  of 
regeneration  increased  in  proportion  to  the  extent  of  injury  and  that 
the  deeper  the  cut — i.e.,  the  nearer  to  the  center  of  the  disk — the  faster 
would  be  the  following  r^eneration. 

In  my  experiments  the  amount  of  tissue  removed  from  the  margin 
of  each  half  of  any  disk  was  the  same.  The  differences  in  result 
observed  were,  therefore,  due  to  the  difference  in  kind,  not  in  quantity 
of  tissue  removed.  As  recorded  previously,  the  difference  in  rate  of 
regeneration  is  in  Caseioj>ea  greatest  in  the  early  stages  and  gradually 
declines  throughout  its  course,  at  least  through  the  periods  followed  in 
these  experiments.    Goldfarb's  observations  appear  also  to  show  a 
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shnUar  course  of  events  in  earthworms,  starfish,  and  amphibians. 
This  result,  on  the  other  hand,  is  opposed  to  the  conclusion  of  Child 
(1910)  that  ''as  most  experiments  not  only  on  the  Turbellaria,  but  on 
other  forms,  indicate,  it  is  probable  that  the  early  stages  of  tibe  f<»rma- 
tion  of  new  tissue  are  largely  or  wholly  indq)aid^it  of  the  nervous 
system."  A  later  part  of  the  same  statement  is  in  p^ect  accord  witib 
my  result,  as  follows:  ''But  it  is  difficult  to  understand  how  the 
nervous  system  of  an  adult  animal  could  fail  to  affect  the  amount  and 
rapidity  of  growth  in  a  regenerating  part  composed  largdy  of  muscles 
and  sense-organs.  Abs^ice  of  sudi  an  effect  would  be  in  direct 
opposition  to  the  well-established  fact  of  the  functional  influence  of  the 
nervous  system  on  various  parts  of  the  organism." 

Morgulis  (1912)  concludes  from  his  experiments  on  brittle-stars  that 
tibe  presence  at  the  cut  surface  of  the  radial  nerve ,  either  with  or  without 
its  being  in  continuity  with  the  remainder  of  the  n^vous  system,  is 
a  "conditio  sine  qua  non"  for  normal  regeneration  and  that  ibe  pres- 
ence— purely  as  a  mechanical  matter,  not  the  functi<Nial  activity — 
of  the  nerve  is  the  important  factor  in  regenarati<m.  This  is  in  direct 
opposition  to  my  results.  A  study  of  the  figures  illustrating  his  paper 
shows,  nevertheless,  that  the  arms  in  which  the  nervous  connection  is 
undisturbed  (control)  regenerates  most  rapidly. 

As  to  the  natiu^  of  this  influ^ce,  it  is  evident  from  the  study  of  the 
rate  of  general  metabolism  of  half-disks  with  and  without  sense-organs 
that  it  is  closely  associated  with  if  not  identical  with  the  control  of  the 
general  metabolism  of  the  animal.  The  latter  experim^its  have  not 
been  carried  far  enough  to  give  a  definite  answer  to  the  question  of 
whether  or  not  there  is  a  gradual  decline  in  the  difference  in  the  rate 
of  metabolism  corresponding  to  that  shown  in  regeneration. 

This  result  clearly  supports  the  general  contention  of  Child,  that  the 
influence  of  the  nervous  system  on  regeneration  is  indirect  rather  than 
direct,  but  does  not  confirm  his  statement  that  there  is  a  direct  relation- 
ship between  the  rapidity  of  regeneration  and  the  "characteristic 
motor  activity  of  the  parts  concerned."  It  is  shown,  on  the  contrary, 
that  motor  activity  may  be  greatly  increased  without  altering  to  a 
proportional  extent  either  the  rate  of  regeneration  or  general  metabo- 
lism. 

The  rate  of  regeneration  appears  to  be  simply  one  expression  of  the 
general  metabolic  activity  of  an  organism  and  consequently  to  be 
subject  to  the  control  of  the  nerve-centers  in  the  same  manner  as  the 
many  other  functional  activities — ^for  some  of  which,  at  least,  a  direct 
nervous  control  can  not  be  denied. 
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INFLUENCE  OF  THE  SENSE-ORGANS  ON  THE  LOSS  IN  WEIGHT 

DURING  STARVATION. 

The  influence  of  the  sense-organs  on  the  rate  of  regeneration  is  so 
dearly  marked  whai  muscular  activity  is  excluded  as  the  determining 
factor  that  it  seemed  apparent  that  other  metabolic  activities  might  be 
used  as  a  measure  of  this  influence. 

Mayer  (1914)  has  shown  that  when  Cassiopea  is  starved  in  sea- 
water  from  which  all  food  material  has  been  removed  by  either  careful 
filtration  or  by  heating  to  71^  C.  and  restoring  by  distilled  water  the 
amount  lost  by  evaporation,  the  loss  of  weight  follows  a  course  which 
can  be  expressed  mathematically  by  the  formula  y=w(l-'a)Xf  in 


0  '  •     ^      c  "^ 

¥ui,  10. — Showing  loss  in  wet^t  of  active  and  inactive  half-disks  durinc  starvation. 
(Compare  table  9.)  The  divisions  along  the  ordinate  represent  percentages  of 
the  origina]  wet^t;  those  along  the  abscissa  represent  time  in  days. 

which  y»the  weight  on  any  given  day,  w  the  original  weight,  x  the 
number  of  days'  starvation,  and  a  constant,  '^  the  coeflScient  of  negative 
metabolism."  The  greater  part  of  the  loss  in  weight  appears  to  be 
borne  by  the  mesogloea,  since  this  tissue  constitutes  by  far  the  greater 
bulk  of  the  body,  as  is  shown  by  histological  examination  of  the 
tissues  and  chemical  analysis  of  medusse  before  and  after  starvation. 
The  snnple  character  of  the  law  which  governs  the  loss  of  weight  in 
CoBsiopea  during  starvation  also  indicates  that  substances  of  the 
same  sort  serve  to  maintain  the  medusa  throughout  nearly  the  entire 
course  of  starvation.  As  the  result  of  starvation  the  cells  become 
reduced  in  sixe,  some  degenerate  and  disappear,  while  at  the  same 
time  the  mesogloea  becomes  highly  vacuolated.  Within  the  short 
period  of  time  covered  by  these  experiments  very  little  histological 
change  could  be  recognized  in  the  cells.    The  change  in  the  appearance 
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of  the  mesoi^cea  was,  however,  much  more  marked  in  that  vaouolixation 
had  become  more  easily  noticeable. 

There  is  clearly  a  different  tissue  chiefly  involved  in  the  loss  of 
weight  diuing  starvation  and  in  regeneration  (see  page  131),  so  that 


Tabub  6.— JiMSord  farOioi  day. 

(Twenty  disks  to  show  the  differenoes  in  loos  of  weight  dming  stanrfttloQ  between 

active  and  inactive  half  disks.] 


Specimen. 

Oday. 

1  day. 

2  days. 

3  days. 

4  days. 

No. 

-  f Active 

\lnactive 

11 

7.75 

6.25 

5.30 

4.75 

9.5 

7 

6.00 

4.75 

4.50 

No. 

2  /Active 

\lnactive 

26 

20^^    . 

16.75 

14 

13 

23 

"  / 

15 

12.75 

11 

No. 

«  /"Active 

\lnaotive 

25 

19^ 

17 

14.75 

13.5 

90 

24.5 

21.5 

18 

16.25 

No. 

.  /Active 

*  UnacUve 

28 
30 

23 
26 

.  16.75" 
22 

17.50 
19.25 

15.5 
17.75 

No. 

-  /Active 

\lnactive 

23 

18 

15 

13.5 

13.50 

24 

20.5 

15.5 

14.25 

12.75 

No. 

^  /Active 

^1  Inactive 

21.5 

16.5 

13.5 

12.5 

10.25 

19.5 

15.5 

13.25 

11.5 

10.25 

No. 

-  /Active 

\lnactive 

23.5 

18.5 

16 

14 

13 

25 

20.5 

16.75 

14.25 

13 

No. 

g  /Active 

Unaotive 

15 

11.5 

10 

8.00 

7.25 

16.5 

13.5 

10.75 

9.00 

8.25 

No. 

g  /Active 

^Inactive 

23 

18 

15 

12.75 

11.75 

25 

20.75 

17.5 

15 

13.00 

No. 

,Q /Active 

'"  llnacUve 

25 

19.75 

17 

15 

13.5 

27 

22 

18.5 

16.5 

14 

No. 

--  /Active 

**  1  Inactive 

23 

19.25 

16 

14 

12.50 

21 

17.25 

14.5 

12.25 

11.50 

No. 

-2 /Active 

\Inactive 

22 

18 

15 

13.5 

11.75 

18 

14.5 

13.25 

10.75 

9.75 

No. 

-«  /Active 

"llnactive 

29.75 

23.25 

20.5 

17.50 

16.00 

27 

22.50 

18.75 

15.75 

14.00 

No. 

..  /Active 

\lnactive 

23 

18 

15.25 

13.1 

11.75 

22 

18.5 

16.00 

13.75 

12.00 

No. 

-  -  /Active 

Inactive 

28 

20.75 

17.5 

15 

13.5 

28 

22.75 

20 

16.25 

14.75 

No. 

.  g  /Active 

\lnactive 

10 

11.5 

9.60 

8.00 

7.00 

15 

11.50 

9.00 

8.00 

6.75 

No. 

yj  /Active 

\lnactive 

14 

10 

8.50 

7.25 

6.70 

5 

12.25 

10.25 

9.00 

7.75 

No. 

-  g  /Active 

\lnactive 

23.5 

19.25 

16.50 

15 

13.00 

23 

18.75 

16 

13.75 

12.75 

No. 

-  g  /Active 

llnactive 

21 

16 

13.75 

12.00 

10.50 

20.5 

16.75 

13 

11.50 

10.25 

No.: 

2Q  /Active 

\lnactive 

31 

24.5 

21.5 

19.20 

17.25 

31 

25.75 

22.75 

20.00 

17.75 

these  experiments  present  a  standard  of  measurement  of  metabolic 
activity  sharply  distinguished  from  that  employed  in  the  study  of 
regeneration. 

Mayer  (op.  cU.)  has  pointed  out  that  the  value  of  a  (the  coefficient 
of  n^ative  metabolism)  has  a  different  value  for  practically  every  set  of 
experimental  conditions.  Thus  this  value  differs  when  employing  entire 
medusse,  regenerating  portions  of  oral  arms  or  the  bell-margin,  disks 
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fnnn which  arms  and  stomach  had  been  removed,  or  half-disks.  Besides, 
QB  account  of  the  relative  activity  of  the  zoOxanthellse  (symbiotic  algse), 
the  rate  of  starvation  differed  greatly  when  the  experiments  were  carried 
on  in  the  diffuse  light  of  the  laboratory  or  in  darkness. 

Table  7. — Record  for  Oto4  days. 

fTwenty  disks  to  show  the  differences  in  loss  of  weight  between  active  and  activated 

hidf-disks.] 


Specimen. 


No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 


L 


-  f Active. . . 

*  lActivated 
2  f Active.  .  . 

\Activated 
«  /Active.  . . 

*  lActivated 
.  f Active.  .  . 

*  ^Activated 

-  /Active.  . . 
^  [Activated 
^  /Active.  . . 
^  lActivatad 
.  /Active.  . . 
'  \Activated 
g  /Active . . . 

[Activated 
g  /Acttive. . . 
^Activated 
jf.  /Active. . . 
*"  1  Activated 
I  -  /Active . . . 
**  [Activated 
-« /Active. . . 
*^  1  Activated 
io  /Active. . . 
^^  [Activated 
,  -  /Active. .  . 
**  [Activated 
--  /Active. . . 
***  [Activated 
m  /Active. . . 
"*  [Activated 
,-  /Active. . . 
*'  1  Activated 
ij,  /Active. . . 
'*  [Activated 
iQ  /Active. . . 
*•  1  Activated 
Oft /Active. .. 
^  [Activated 


Oday. 


28 
29 
29 
29 
31 
29 
31 
29 
29 
27 
31 
31 
20 
32 
34 
34 
34 
26 
24 
24 
24 
26 
22 
22 
28 
32 
32 
20 
34 
34 
37 
35 
21 
26 
37 
31 
21 
24 
24 
24 


5 
26 


.6 

.5 

.5 

.76 

.26 


.6 
.6 

.6 
.6 

.26 
.26 
.26 
.00 
.26 
.6 
.26 
.26 
) 

.26 

.26 
.76 
.00 
.00 
.00 
.00 
.24 
.00 
.00 
.00 


Iday. 


20.6 

21 

20.6 

21.6 

22.6 

21.76 

23.00 

23.00 

21.00 

23.6 

23.26 

24 

20 

24.6 

26.6 

27.6 

18.00 

18.76 

18.6 

19.26 

19.26 

21.76 

17.00 

16.60 

23.26 

24.6 

26.00 

24.00 

27.26 

27.60 

29.26 

27.60 

16.60 

19.76 

26.26 

26.60 

17.60 

20.6 

16 

16.26 


2  days. 


18.00 

18.60 

18.76 

20.26 

21.00 

21.00 

21.76 

21.76 

18.76 

20.26 

20.00 

22.60 

18.76 

22.26 

23.6 

24.6 

16.26 

17.60 

16.6 

18.00 

18.00 

21.00 

16.26 

16.60 

21.60 

22.80 

22.00 

21.76 

26.00 

24.26 

27.6 

24.60 

13.60 

17.60 

23.6 

24.6 

16.76 

18.00 

14.26 

16 


3  days. 


16.26 

17.76 

16.76 

17.60 

19.26 

18.00 

18 

18.6 

18.00 

20.00 

17.00 

18.60 

16.60 

20.26 

21.26 

22.60 

14.60 

16.00 

16.26 

16.00 

16.60 

19.26 

13.60 

14.60 

19.26 

21.6 

20.6 

20.26 

22.76 

23.00 

24.00 

23.26 

12.60 

16.00 

21.60 

21.60 

13.60 

16.00 

13.00 

16.00 


4  dajrs. 


14.60 
16.76 
13.00 
16.26 
17.60 
16.26 
16.60 
16.26 
17.26 
19.00 
16.00 
16.26 
14.76 
18.76 
19.76 
20.76 
13.00 
16.26 
14.60 
14.76 
13.26 
17.60 
12.60 
13.76 
17.76 
20.26 
18.76 
19.00 
20.26 
21.00 
21.76 
21.26 
10.76 
14.76 
19.76 
20.00 
11.25 
14.50 
12.00 
16.50 


In  these  experiments,  where  the  disks  were  prepared  by  one  of  the 
three  types  of  operations  previously  described,  there  was  no  necessity 
for  taking  precautions  to  remove  the  normal  food  materials  from  the 
water.  Water  from  the  regular  laboratory  supply  pumped  through 
vulcanite  pipes  by  a  vulcanite  pump  was  regularly  used,  as  no  difference 
was  found  when  water  brought  in  glass  jars  from  the  ocean  was  used. 
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Mayer  has  called  attention  to  the  fact  that  regenerating  q)ecinien8y 
during  the  first  days  of  any  experiment,  starve  more  rapidly  than 
nonnal  medussB. 


too 


'] 


Fio.  11. — Showing  Iom  of  weigfat  of  active  and  aotivated  half-disks  during  stanratioB. 
(Compare  table  IQO  The  divisions  along  the  ordinate  represent  peroentages 
of  the  original  weight;  those  along  the  abedssa  r^>resent  time  in  days. 


.         2  O  3  4 

Fio.  12. — Showing  loss  in  weight  of  activated  and  inactive  half-disks  during  starvation. 
(^  (Compare  table  ^.)    The  divisions  along  the  ordinate  represent  parentages 

of  the  original  wet^t;  those  along  the  sbscisss  represent  time  in  daya. 

In  the  same  manner  during  the  first  half  day  of  any  experiment  the 
member  of  any  pair  of  half  disks  which  showed  the  highest  metabolic 
activity  showed  also  the  greatest  loss  in  weight,  yet  even  in  the  course 
of  these  experiments  the  difference  in  rate  became  less  marked  toward 
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the  Old  ai  the  period  of  observation.  This  i4>pears  most  clearly  in 
experiments  in  which  active  and  inactive  specimens  are  compared 
(fig.  10)9  while  the  nearest  approach  to  actual  convergence  is  shown 
in  the  series  in  which  activated  and  inactive  specimens  are  compared 

(fig.  1). 

Tablb  S,—Bewrd  far  0  to  4  day$, 

(Twenty  dialu  to  show  the  differences  in  loss  of  weight  between  activated  and 

inactive  half-disks.] 


Specimen. 

Oday. 

Iday. 

2  days. 

3  days. 

4  dasrs. 

No. 

-  [Activated 

1 1nactive 

30.00 

24.00 

21.75 

20.26 

19.00 

29.5 

26.25 

22.50 

20.00 

18.25 

No. 

A  fActivated 

^Inactive 

22.26 

16.50 

15.50 

16.60 

13.76 

22.75 

19.00 

16.26 

14.00 

12.50 

No. 

2  fActivated 

^Inactive 

26.00 

20 

17.50 

16.26 

14.25 

26.50 

22.25 

18.50 

15.25 

13.76 

No. 

.  f  Activated 

)  Inactive 

28 

23.75 

20.60 

18.75 

17.00 

29.5 

26.76 

21.75 

19.00 

16.75 

No. 

.  f  Activated 

^Inactive 

17.25 

13.60 

11.76 

10.00 

8.75 

17.75 

14.25 

12.75 

10.26 

9.00 

No. 

^  fActivated 

\lnactive 

33.5 

27.25 

24.60 

22.00 

20.00 

35.00 

29.00 

25.50 

22.26 

19.50 

No. 

-[Activated 

^Inactive 

21.5 

16.25 

16.00 

13.75 

12.26 

23.00 

18.75 

16.26 

14.00 

12.76 

No. 

g  [Activated 

\lnactive 

23.5 

16.00 

15.26 

14.60 

13.00 

24.00 

20.76 

16.25 

14.60 

12.25 

No. 

g  [Activated 

^Inactive 

27.75 

23.25 

20.00 

17.26 

13.76 

29.00 

23.60 

20.75 

17.26 

14.76 

No.  ] 

.Q  [Activated 

^Inactive 

31.00 

24.76 

23.25 

20.76 

17.76 

31.50 

26.76 

22.76 

20.60 

17.25 

No.  ] 

..  [Activated 

\Inactive 

24.75 

19.25 

17.50 

15.76 

13.00 

23.50 

20.00 

17.26 

14.75 

12.50 

No.] 

■  2  [Activated 

\lnactive 

21.50 

16.76 

15.00 

13.26 

11.76 

22.00 

17.76 

16.00 

13.25 

11.50 

No.  ] 

.  ^  [Activated 

\lnactive 

27.00 

22.60 

19.75 

18.00 

15.60 

27.60 

22.26 

19.76 

17.00 

14.76 

No.] 

..  [Activated 

\lnactive 

23.75 

18.00 

16.60 

14.26 

12.00 

25.00 

20.25 

17.50 

15.25 

12.75 

No.  ] 

, .  /Activated 

^*  [Inactive 

19.75 

15.76 

12.60 

10.75 

9.00 

20.50 

17.00 

13.76 

11.50 

10.00 

No.] 

1^  [Activated 

Ilnactive 

26.25 

20.25 

17.76 

15.26 

13.00 

27.00 

22.75 

19.00 

15.76 

13.50 

No.  ] 

.-  [Activated 

^Inactive 

20.75 

16.50 

14.25 

13.00 

11.60 

21.50 

19.25 

16.50 

14.75 

12.25 

No.] 

.g  [Activated 

\lnacdve 

18.50 

16.00 

13.25 

12.50 

10.00 

20.00 

16.00 

13.76 

11.76 

10.26 

No.  ] 

.g  [Activated 

llnaotive 

24.50 

18.75 

10.25 

14.00 

11.76 

25.26 

21.00 

17.75 

16.26 

13.75 

No.  2 

2Q  [Activated 

\Inactive 

27.00 

21.26 

19.00 

16.26 

13.50 

28.00 

23.00 

19.76 

16.25 

13.75 

The  previous  researches  on  inanition  in  invertebrates  have  dealt 
with  eiUier  the  chemical  or  histological  changes  brought  about  by  the 
disturbances  in  normal  metabolism  caused  by  this  condition,  and  need 
not  be  reviewed  in  this  connection.  In  general,  it  has  been  observed 
that  there  is  a  shrinkage  in  size  and  frequent  degeneration  of  the  cells 
of  all  parts  of  the  body.    The  epithelial  tissues  in  general  have  a  tend- 
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ency  to  lose  their  cell-wall  and  to  become  a  syncytium.  Usually  the 
loss  of  material  is  not  nearly  so  selective  as  in  the  vertebrates;  practi- 
cally all  organs  become  involved  in  the  loss  in  an  early  stage  of  inanition, 
except  in  forms  in  which  there  is  some  special  storage  tissue,  as  the  fat- 
bodies  of  insects. 

The  much  more  extensive  literature  dealing  with  inanition  in  verte- 
brates shows  that  the  loss  of  body-substance  takes  place  in  a  highly 
selective  manner,  involving  many  tissues  before  any  marked  loss  is 
undergone  by  the  ''vital  organs."  Several  researches  in  this  field  have 
demonstrated  the  importance  of  metabolic  muscular  activity  as  a  factor 
in  determining  the  rate  of  tissue  destruction.  The  usual  course  of  the 
changes  involved  in  inanition  is  not,  however,  greatly  altered  by 
differences  in  the  rate  of  metabolism,  the  one  factor  most  influenced 
being  the  rate  of  occurrence  of  these  changes. 

Table  9. 


Loss  of  weight  in  active 

Lose  of  weight  in  active 

Loss  of  weii^t  of  activated 

Days  after 

and  inactive  half-disks. 

and  activated  half-disks. 

and  inactive  half-disks 

operation. 

Weight  of 

Weight  of 

Weight  of 

Wet^tof 

Wet^tof 

Weight  of 

half  with 

half  without 

half  with 

activated 

activated 

half  without 

sense-organs. 

sense-organs. 

sense-organs. 

half. 

half. 

sense-organs. 

0  day 

100 

100 

100 

100 

100 

100 

Iday 

75.34 

81.81 

76.29 

79.41 

79.47 

81.97 

2  days 

66.72 

71.27 

67.18 

70.58 

70.83 

71.84 

3  days .... 

58.54 

64.09 

59.76 

61.99 

62.03 

63.91 

4  days .... 

55.27 

55.41 

55.88 

57.18 

57.21 

57.23 

The  results  of  three  series  of  experiments,  in  each  of  which  the  halves 
of  20  disks  were  prepared  in  such  a  manner  that  they  fell  into  one  of 
the  three  categories  described  on  pages  127  and  128,  are  presented  in 
tables  6,  7,  and  8,  and  figures  10,  11,  and  12. 

A  summary  of  the  results  for  each  of  the  series  of  experiments  is 
given  in  their  proper  order  in  table  9,  in  which  the  weights  are  reduced 
to  terms  of  100  grams  for  the  original  weight  of  each  set  of  half-disks  in 
each  series.  A  comparison  of  these  tables  and  the  curves  for  the  loss 
of  weight  with  those  given  for  the  rates  of  regeneration  under  similar 
operations  show  a  striking  similarity  in  the  results  when  thos^  obtained 
by  the  use  of  these  standards  of  measurement  are  compared,  although, 
as  previously  stated,  the  tissues  chiefly  concerned  in  the  two  forms  of 
metabolic  activity  are  fimdamentally  different. 

Table  10  gives  the  record  of  the  halves  of  10  disks  prepared  to  give 
active  and  inactive  specimens  and  shows  loss  in  weight,  decrease  in 
diameter,  measured  for  each  half-disk  at  the  line  of  separation  of  the 
halves,  and  shrinkage  in  the  diameter  of  a  cavity  originally  22  mm. 
In  several  instances  the  diameters  of  the  halves  of  the  same  disk  vary 
1  to  3  mm.  on  account  of  irregularities  in  the  outline  due  to  the  cuts 


On  the  Nervous  System  of  Cassiopea  Xamachana. 


165 


made  in  removing  the  sense-organs  or  the  similar-shaped  pieces  of 
tissue  between  the  sense-organs  of  the  active  half-disk. 

The  results  of  the  measurements  of  size  are  completely  in  accord  with 
Uioee  obtained  in  studying  the  loss  in  weight  of  the  same  half-disks, 
or  the  larger  series  of  epecimens  prepared  in  the  same  manner,  as  shown 
in  table  6.  Although  in  the  greater  number  of  regeneration  experiments 
no  careful  measurements  were  made  of  the  decrease  in  the  diameter 


Table  lO.—Recard  for  Oto4  days. 

fFeo  diaks  separated  into  active  and  activated  halvee,  to  sbow  the  compaiative  Iom  in  wet^t, 
decrease  in  diameter,  and  decrease  in  diameter  of  the  cavity  where  a  disk  of  tissue  had  been 
removed  in  order  to  measure  the  amount  of  regeneration.] 


Specimen. 


Oday. 


1  day. 


^ 


I 


i 


5.1 


2  days. 


^ 


I 


3  days. 


^ 


go 


No.  1 

No.  2 

No.  3 

No.  4 

No.  6 

No.  6 

No.  7 

No.  8 

No.  9 
No.  10 


'Active. . . . 
I  Activated . 
r Active. . . . 
■  Activated. 
I  Active... . 
I  Activated. 
'Active. . . . 
[Activated. 
[Active. . . . 
[Activated, 
r Active. . . . 
I  Activated. 
lAetive... . 
[Activated. 
I  Active. . . . 
I  Activated. 
lAetive... . 
[Activated. 

[Active 

[Activated 


22 
22 
22 
22 
22 
22 
22 
22 
22 
22 


20 

32 

13 

16. 

26 

32 

22. 

26. 

18 

18 

14 

15. 

21. 

23 

21 

26 

22. 

20 

22 

26 


108 
118 

83 

00 
110 
127 

08 
118 

06 
110 

86 
100 
100 
117 

03 
118 
110 
110 
112 
120 


12 
12 
11 
14 
12 
17 
13 
17 
11 
10 
13 
16 
13 
16 
12 
17 
11 
15 
13 
18 


26 

20 

11 

14 

23 

27 

21.5 

23 

16 

16 

12 

14.251 

10 

20 

10 

21.5 

10.5 

17 

10 

23 


118 
114 

75 

80 
100 
113 

03 
110 

86 

04 

70 

02 

08 
105 

88 
112.5 

05 

07 

00 
107 


11 
12 

0 
11.5 
10 
11 

0 
11 
10 
12 
10 
13 
10 
12 
10 
12 
11 
12 
11 
13 


24.5 

27 

10 

12 

20.5 

23.5 

18 

20.5 

14.00 

14.00 

10.00 

11.5 

16 

18 

16 

10 

16 

14.5 

16.5 

10.5 


106 

111 
68 
80 
02 

103 
87 

104 
78 
85 
71 
81 
80 
00 
84 

107 
86 
00 
01 
08 


10.5 

11.75 

8.25 

11.00 

0.00 

0.50 

8.00 

0.75 

8.50 

10.76 

8.75 

11.50 

8.00 

0.50 

8.25 

10.50 

10.50 

10.76 

0.75 

11.25 


of  the  cavity  in  which  the  amount  of  regeneration  was  measured,  the 
differences  in  this  regard  between  the  different  types  of  specimens  was 
easily  distinguishable  in  all  cases  and  was  always  parallel  to  the 
relative  rate  of  regeneration  shown  by  either  one  of  a  given  pair  of  half- 
disks,  by  whichever  of  the  three  operations  they  had  been  prepared. 

INFLUENCE  OF  SENSE-ORGANS  ON  THE  RATE  OF  GENERAL 
METABOLISM  AS  MEASURED  BY  CQ,  PRODUCTION. 

The  results  of  the  experiments  recorded  in  the  two  preceding  sections 
show  that  the  nerve-centers  exert  a  decided  influence  on  the  rate  of 
metabolic  activities  when  measured  by  two  different  standards.  It 
seems  apparent  also  that,  although  the  standards  of  measurement 
adopted — regeneration  and  loss  of  weight  during  starvation — ^largely 
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involve  the  activities  of  distinot  tissues,  the  influence  of  the  sense- 
organs  is  exerted  in  a  manner  strikingly  similar  in  the  two  cases.  This 
similarity  in  result  suggests  the  probeJ^ility  that  tiie  ^ects  measured 
are  only  different  phases  of 
the  general  metabolic  activity 
of  the  organism,  which  when 
measured  as  a  whole  would 
show  an  influence  of  the  nerve- 
centers  comparable  to  that 
obtained  when  the  activities 
involved  in  distinct  f imctions 
are  used  as  the  unit  of  meas- 
urement. 

The  measurement  of  the 
amoimt  of  carbon  dioxide 
given  off  by  a  half-disk  within 
a  given  space  of  time  affords 
means  of  determining  the 
comparative  rate  of  total 
metabolic  activity  of  speci- 
mens imder  the  operative 
conditions  used  in  the  previ- 
ous experiments.  The  tech- 
nique of  the  experiments  was 
as  follows:  The  half -disks 
were  prepared  in  the  manner 
previously  described,  so  that 
active,  activated,  and  inac- 
tive individuals  were  secured 
for  comparison.  Each  half-disk  of  any  pair  was  placed  in  a  separate 
jar  containing  about  1,200  c.c.  of  fresh  sea-water  brought  fixmi  the 
ocean  at  the  time  of  beginning  a  set  of  experiments.  The  capacity  of 
the  jars  varied  slightly  and  pairs  of  equal  volume  had  to  be  selected  for 
the  two  halves  of  the  same  disk. 

As  the  measurable  amount  of  COs  produced  and  consequently  ibe 
rate  of  pulsation  for  some  time  after  tibe  beginning  of  an  experiment 
were  largely  dependent  upon  the  activity  of  the  zooxanUielke,  most  of 
the  experiments  were  started  late  in  the  afternoon  and  tiberefore 
continued  diuring  the  hours  of  darkness.  When  expmments  were 
going  on  during  the  day  the  necessity  for  covering  the  jars  witib  dark 
cloth  caused  a  decided  rise  in  temperature,  which  increased  imneces- 
sarily  the  complication  of  the  calculations  involved  in  determining  the 
amount  of  COs  given  off  in  respiration. 

Preliminary  e]q>eriments  along  this  line  were  midertak^i,  in  collabo- 
ration with  Dr.  S.  Tashiro,  in  1915,  when  the  determinations  wwe 


Fio.  13. — Showinc  effect  om  rate  of  polMtkm  of 
•etiye  and  aetivated  hahree  of  the  fame  meduia 
disk  when  eubjeoted  to  an  inoreaoe  in  tempera- 
tore  from  218®  to  40®  C.  The  iii>per  ounre  is  for 
the  activated  ipeoimen;  the  lower  curve  for  the 
active  tpedmen. 
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made  by  means  of  titrating  the  sea-water  with  n/100  NaOH,  using 
phenolphthalein  as  an  indicator  and  titrating  to  the  color  obtained  by 
adding  the  same  amount  of  indicator  to  an  equal  volume  of  sea-wat^ 
takoi  as  a  control  at  the  beginning  of  each  experiment. 

In  the  later  e]q>eriments  the  amount  of  CO2  given  off  by  each  half- 
diak  was  determined  by  ascertaining  the  Ph  (minus  log  hydrogen-ion 
concentration)  of  a  sample  of  sea-water  taken  as  a  control  at  the 
beginning  of  the  experiment,  and  that  from  the  jar  in  which  the  speci- 
men had  been  respiring  during  the  experiment.  Both  specimens 
involved  in  an  experim^it  were  removed  from  the  jars  at  the  same 
time,  whenever  the  det^minations  were  to  be  made  or  either  specimen 
had  ceased  pulsating.  The  volume  of  COs  necessary  to  bring  about  a 
corresponding  change  in  the  hydrogen-ion  concentration  of  an  equal 
volume  of  sea-water  (1,200  c.c.)  was  determined  by  adding  known 
volumes  of  CO2  to  that  volume  of  sea-water. 

The  results  of  these  determinations  are  shown  in  figure  13.  This 
result  confirms  McClendon,  who  shows  that  the  CO2  content  of  sea- 
water  can  be  more  accurately  measured  by  determining  the  hydrogen- 
km  concentration  than  by  a  direct  det^mination  of  the  COt* 

When  the  half-disks  were  placed  in  the  closed  jars  the  increase  in  the 
hydrogen-ion  concentration  of  the  sea-water  caused  at  first  an  increase 
in  their  rate  of  pulsation.  This  was  followed  after  3  or  4  hours  by  a 
gradual  decline  in  rate  \mtil  finally  both  activated  and  active  half- 
disks  had  been  completely  narcotized  by  the  CO2  which  they  had 
themselves  given  off.  The  decline  of  the  rate  of  activated  half-disks 
was  very  regular  and  the  pulsations  became  gradually  weaker,  until 
scarcely  discernible  before  entirely  ceasing.  The  active  specimens,  on 
the  contrary,  behaved  very  erratically.  Frequently  when  the  pulsation 
had  become  very  slow,  or  had  even  ceased  for  several  minutes,  these 
q)ecimens  would  sudd^y  take  up  rapid  pulsation  and  for  a  short  time 
thdr  activity  would  be  even  greater  than  when  under  the  influence 
of  the  first  stimulating  effect  of  the  increased  hydrogen-ion  concentra- 
tion in  the  eariy  part  of  the  experiment. 

The  activated  half-<iisk  was  invariably  the  first  to  become  narcotized, 
the  muscles  in  these,  as  in  all  other  experim^its  involving  anesthetics, 
being  less  resistant  to  such  agents  than  the  sense-organs. 

The  activated  q)ecimens,  when  once  their  pulsations  had  ceased, 
were  incapable  of  again  taking  up  pulsation  unless  stimulated  to 
activity  by  artificial  means.  The  active  specimens,  even  after  having 
been  quiescent  for  several  hours,  would  take  up  pulsation  within  2 
minutes  after  being  put  into  fresh  sea-water. 

When  such  experiments  were  carried  on  in  daylight  narcosis  would 
not  be  produced  during  the  first  day,  because  of  the  reduction  of  the 
amount  of  COs  in  the  water  by  the  photosynthetic  activity  of  the 
sooxanthelle. 
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The  disks  were  quickly  narcotised  on  being  put  into  sea-wat^  to 
which  had  been  added  enough  COs  to  change  the  hydrogen-ion  con- 
centration to  that  shown  by  the  water  in  the  jars  in  which  the  half- 
disks  had  ceased  pulsating.  It  seems  apparent,  theref ore,  that  narcosis 
had  been  caused  ^itirely  by  the  increase  in  CO2  and  not  by  accumula- 
tion of  other  waste  products  of  metabolism,  or  by  a  decrease  in  the 
amount  of  oxygen  available  for  respiration. 

Table  11  shows  the  results  of  a  typical  experim^it  for  detennining 
the  total  metabolism  of  active  and  activated  halves  of  the  same  disk. 
The  hydrogen-ion  concentration  is  given  in  terms  of  the  Ph  numbers  of 
Sorensen.  The  sea-water  at  the  beginning  of  the  experiment  had  a 
hydrogen-ion  concentration  of  P. =8.1  (C.= 0.793X10"*). 

Table  11. 


Specimen. 

Weight. 

Pulsation-rate. 

Ph. 

1^45"»p.m. 

4»»40"p.m. 

7**  30^  p.m. 

No.  1,  o 

No.  1,  6 

No.  2.  a 

No.  2.  6 

No.  3,  a 

No.  3.  6 

No.4.  o 

No.  4.  6 

No.  5,  a 

No.  5.  6 

(ftxinis. 

22.8 

23.0 

30.0 

30.5 

39.0 

41 

28 

29 

29.25 

28.76 

44 

128 
36 
88 
44 

130 
56 
96 
84 

116 

62 

136 
34 
86 
36 

158 
22 

106 
32 

120 

18 
120 

22 

98 

8 

126 

25 
Out. 

32 
132 

7.80 
7.90 
8.00 
8.00 
7.90 
7.90 
7.90 
8.00 
7.90 
7.90 

These  experiments  were  not  carried  out  in  sufficient  detail  to  deter- 
mine the  regular  course  of  respiration  or  the  normal  respiratory 
quotient  under  the  influence  of  varying  hydrogen-ion  concentration, 
their  aim  being  to  determine  the  influence  of  the  sense-organs  on  the 
rate  of  total  metabolism. 

The  differences  due  to  muscular  activity  conform  to  those  obtained 
from  the  measurements  of  rate  of  regeneration  and  loss  of  weight  during 
starvation.  The  amount  of  respiration  of  an  active  half-disk  was 
invariably  as  great  as  its  activated  mate  in  spite  of  the  great  differences 
in  muscular  activity.  Indeed,  in  only  a  very  few  instances  did  the 
normal  active  epecimen  show  as  low  a  CO2  production  as  the  more 
rapidly  pulsating  activated  half  of  the  same  disk. 

The  activated  half-disks  were  narcotized  when  the  hydrogen-ion 
concentration  of  the  sea-water  in  which  they  were  contained  had 
reached  about  0.126X10"^  (Ph=7.9).  In  fact,  a  greater  concentra- 
tion of  hydrogen  ions  was  seldom  reached  in  the  water  in  which  the 
activated  disks  were  kept,  as  after  the  animals  had  been  sufficiently 
narcotized  to  cause  the  cessation  of  pulsation  other  metabolic  activities 
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were  also  intorf ered  with  to  such  an  extent  that  respiration  practically 
ceased.  Active  half-disks  were  capable  of  maintaining  at  least  inter- 
mittent pulsation  until  the  hydrogen-ion  concentration  had  become 
0.150X10"^  (P>»7.8).  Nearly  all  the  determinations  of  the  H  con- 
coitration  were  made  by  means  of  color  comparison  with  tubes  of 
known  H  concentration  {ur^pared  by  Hynson  Westcott  &  Dunning, 
from  buffer  mixtures  standardized  by  J.  F.  M cClendon,  contaimng 
mixtures  of  phosphates  and  borates  using  thymolsulfonephthalein  for 
concentrations  above  P. =8  and  phenolsulfonephthalein  for  concen- 
trations below  Pb=8.  These  tubes  were  in  no  part  of  their  range 
graduated  more  closely  than  P. =0.1,  so  that  no  very  fine  readings 
could  be  obtained  except  by  estimating  fractions  of  tJus  unit,  which 
could  not  be  done  with  any  considerable  degree  of  accuracy. 

INFLUENCE  OF  SENSErORGANS  ON  THE  CHANGE  IN  RATE  OF 
PULSATION  IN  RESPONSE  TO  CHANGES  IN  TEMPERATURE. 

The  studies  of  Harvey  (1911)  and  Mayer  (1913)  have  shown  that 
ipdien  Caeeiopea  is  slowly  heated  the  rate  of  nerve-conduction  increases 
from  about  18^  C.  to  about  36^  C,  after  which  there  is  a  rapid  decline 
in  the  rate.  Recovery  of  the 
medusa  is  impossible  if  the 
temperature  is  carried  much 
above  40^  C;  indeed,  when 
cooling  is  b^un  before  a  fatal 
temperature  is  reached  the  no 
normal  rate  of  pulsation  does 
not  return  ev^i  when  the  me- 
dusa has  been  kept  at  normal 
temp^ttture  for  several  days. 
In  its  general  features  the 
curve  for  the  rate  of  nerve- 
conduction  in  Caeeiopea  re- 
sembles that  for  enzyme  ac- 
ticm,  as  was  pointed  out  by 
Harvey,  and  as  shown  for  the 
pulsation-rate  of  the  verte- 
brate heart  (Enowlton  and 
Starling  (1912)  et  al.). 

Since    Mayer    (1906)    has 
shown  that  the  initiation  of    '  »•  25*  zi'  29'  zr   33'  35- 

the    stimulus    for   pulsation    Fiq.  14.--<:urvM ahowinc  avencM of  aU determina- 

takes  place  in  the  sense-organs        tk>Moi  effect  of  ohawmtempec*^^^ 

iiwcD  |/u»vv  Au  vMJKf  0c»wi7-vr«e^wa  ^j  activated  halves  of  the  lame  diak. 

through   a  defimte  chemical 

reaction,  it  was  thought  possible  that  if  a  sense-organ  were  subjected 

to  changes  in  temperature  while  the  body  of  the  disk  was  kept  at  a 
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constant  temperature,  the  resulting  rate  of  pulsation  mi^t  follow  Van't 
Hoff's  law  more  closely  than  when  the  entire  disks  were  subjected 
to  the  change  in  temperature,  or  the  rate  of  pulsation — nerve-conduc- 
tion— of  activated  disks  under  similar  conditions  was  measured.  Such 
experiments  showed,  however,  that  the  results  from  this  cause  were 
in  no  essential  different  when  either  a  sin^e  sense-organ,  an  ''active" 
disk,  or  activated  disk  were  subjected  to  the  (dianges  in  temperature. 
All  my  later  experiments 
were  therefore  confined  to 
those  in  which  active  and 
activated  halves  of  the 
same  medusa  disk  were 
subjected  to  the  tempera- 
ture changes  at  the  same 
time  in  order  to  determine 
the  influence  of  sense- 
organs  upon  the  response 
to  changes  in  temperature. 
The  prepared  half-disks 
were  placed  in  a  4-liter  jar 
of  fresh  sea-water  which 
was  in  turn  contained  in 
a  20-liter  jar  of  fresh  water 
supported  on  a  copper  tray 
filled  with  water.  The 
water  surrounding  the 
inner  jar  was  cooled  by 
the  addition  of  ice  or 
heated  by  the  flame  of  a  small  alcohol  lamp  so  that  a  change  of  1^ 
in  the  temperature  of  the  sea-water  was  obtained  in  15  minutes.  The 
activity  of  the  medusse  was  sufiCicient  to  agitate  the  water  to  such  an 
extent  that  at  no  time  could  a  difference  of  0.1^  C.  be  detected  in  the 
temperature  of  any  two  portions  of  the  contents  of  the  jar. 

In  beginning  any  experiment  the  temperature  was  lowered  to  the 
desired  starting-point  and  then  raised  until  either  the  desired  upper 
limit  was  reached  or  continued  until  the  disks  became  inactive.  On 
being  cooled  below  20®  C.  the  activated  specimens  often  ceased 
pulsating  and  could  not  again  be  aroused  to  steady  pulsation  by  the 
application  of  repeated  stimuli  until  the  temperature,  had  been  raised 
to  about  22*'  C.  From  23*'  to  33""  C.  the  increase  in^^te  of  pulsation 
for  activated  specimens  followed  a  right  line  (fig.  14)  and  within  that 
limit  the  rate  was  nearly  doubled.  The  active  half-disks,  over  the 
same  range  of  temperature,  gave  generally  a  smaller  increase  in  rate 
and  the  change  in  rate  was  always  more  erratic  than  that  shown  by 
those  deprived  of  their  sense-organs.     (Fig.  14.) 
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Fig.  15. — Showing  change  in  hydrogen-ion  concentra- 
tion when  a  known  vohime  of  carbon  dioxide  is 
added  to  1,200  c.c  of  Tortugaa  aea-water. 
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Tbe  pulsation-rate  of  active  spedmens  frequently  reached  its 
maximum  at  from  27^  to  29^  C.  In  other  specimens  the  maximuTn  rate 
was  not  attained  imtil  a  temperature  of  37^  C.  had  been  reached, 
after  which  the  decline  in  rate  was  precipitous,  death  occurring  at  38.5^. 

A  summary  of  all  the  results  is  given  in  figure  15;  which  shows  the 
average  for  11  active  and  9  activated  half-disks. 

REIATION  BETWEEN  AREA  OF  TISSUE  ENERVATED  BY  A 
SINGLE  SENSE;<>RGAN  AND  RATE  OF  PULSATION. 

Eimer  (1874)  made  the  observation  that  as  the  area  of  tissue  ener- 
vated by  a  single  sense-organ  was  progressively  decreased  there  was  a 
corresponding  decline  in  the  rate  of  pulsation.  He  states  that  the  de- 
cline in  rate  is  directly  proportional  to  the  decrease  in  area  through 
the  range  of  the  experiment. 

Romanes  (1895)  repeated  these  observations  and  denied  the  con- 
clusion of  Eimer  that  the  decline  in  rate  was  directly  proportional  to 
the  decline  in  area;  but  he  did  not  give  any  definite  statement  of  the 
mathematical  relation  between  area  and  rate  of  pulsation.  Mayer 
(1906)  confirmed  and  extended  these  latter  observations,  but  agam 
did  not  accurately  determine  the  relation 
between  tissue  area  and  rate  of  pulsation. 

In  my  own  experiments  all  sense-organs 
but  one  were  removed  from  each  disk,  and 
after  allowing  a  period  of  1  hour  for  recovery 
from  the  shock  of  the  operation  the  rate  of 
pulsation  was  recorded.  Immediately  after 
this  record  was  completed  the  area  imder 
the  control  of  the  sense-organ  was  reduced 
to  one-half  its  former  extent  by  making  a 
cut  through  the  subumbrella  tissues.  In 
this  manner  the  area  of  tissue  was  reduced 
to  1,  I,  4,  and  tV  of  that  of  the  entire  ^'^'  le.-showing  method  of  op^ 

,.  ,'/^      -®Ix         1  J     #  j.«.  1     x«  tion  employed  m  atudying  the 

disk  (fig.  16)  and  a  reCCml  of  the  pulsation-  relation  between  area  of  tiaeue 

rate  was  secured  for  each  area.   In  all,  141       mnervat^  by  a  single  sense- 

...  «•     ««•  •         #  •  X  organ  and  the  rate  of  pulsation. 

disks  were  used  m  this  senes  of  expenments. 

A  summary  of  the  results  is  given  in  table  14  and  figure  17. 

As  will  be  seoi  from  the  graph,  the  decline  in  rate  follows  a  right  line 
voy  closely,  except  at  the  point  where  the  rate  for  \  the  original  area 
is  shown.  When  extended  to  included  areas  of  tissue  less  than  ^ 
of  the  original  the  decline  in  the  pulsation-rate  follows  practically  the 
same  formula  as  shown  in  figure  17,  by  the  broken  line  extending  to  a 
point  where  the  tissue  area  under  the  control  of  the  single  sense-organ 
is  reduced  to  -J^  the  original  sixe. 

A  reduction  of  the  area  of  a  disk  beyond  yV  ^^  ^^^  original  could 
not  be  made  accurately  by  the  operation  illustrated  in  figure  17. 
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When  further  reduction  in  area  was  desired,  linear  strips  of  constant 
width,  each  with  a  single  sense-organ,  were  cut  from  the  body  of  large 
medus»,  so  that  the  area  could  be  accuratdy  reduced  to  Vt^  -rr? 
y\t  ^^^  TTT  ^^^  ^^  ^^  original  area.  The  fall  in  rate,  as  recorded 
for  the  few  observations  made,  when  graphically  represented  produced 
a  continuation  of  the  strai^t  line  obtained  from  the  larger  subdivisions 
of  the  disks. 

The  elimination  of  any  portion  from  the  excitable  area  could  be 
produced^  by  immersing  that  portion  in  a  0.4  m  MgCU  solution,  as 
shown  in  figure  18.    When  the  anesthetixing  solution  was  contained 
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area  ^  the  original  is  based  on  a  smaller  number  of  observa- 
tions. The  divisions  along  the  ordinate  represent  the  number 
of  pulsations;  those  along  the  abscissa  represent  the  area  of 
tissue  under  the  influeoooe  of  the 


in^the  middle  vessel  the  nerves  were  capable  of  transmitting  the  impulse 
across  this  area,  where  the  muscles  were  inactive,  to  the  tissue  in  dish 
No.  3,  so  that  the  inactive  area  could  be  obtained  at  any  point  in  the 
strip  of^tissue.  No  differences  in  the  results  were  obtained  when  the 
activity,  of  a  given  area  of  muscles  was  eliminated  by  the  cutting  of 
the  subumbrella  tissues  or  their  immersion  in  the  MgCli  solution. 
Pieces  of  tissue  in  sea-water  were  found  to  be  capable  of  reeqponding  to 
each  separate  induction  shock  when  applied  at  the  rate  of  126  per 
minute  when  they  had  been  reduced  to  -^-f^  of  the  (mginal  area  of  tl^ 
strip  which  represented  scarcely  more  than  Trmnr  (ggiV^g)  <>f  ^^^  "^^ 
of  the  original  disk. 

This  fact  makes  it  apparent  that  the  decline  in  rate  of  pulsation 
caused  by  reducing  the  area  enervated  by  a  single  sense-organ  is  not  at 
all  dependent  upon  the  necessity  for  a  latent  period  on  the  part  of  the 
muscular  tissues.  On  the  other  hand,  there  is  no  apparent  reason  why 
the  sense-organs  should  be  incapable  of  carrying  on  at  the  usual  rate  the 
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chemical  reaction  by  which  sodium  is  liberated,  unless  they  are  depend- 
ent upon  the  other  tissues  of  the  submnbrella  for  some  substance  which 
in  the  smaller  areas  becomes  reduced  to  such  an  extent  that  it  can  no 
longer  be  produced 
raindly  oiou^^  to  allow 
the  8en8e-<H|;an  to  dis- 
charge at  the  usual  rate. 
The  fact  that  in  a  nor- 
mal medusa  the  initia- 
ticm  of  pulsation  is  tak^i 

m>  by  one  after  another   ^^^'  ^^ — showing  arrangement  of  veeseU  by  which  any  area 
i:    ,/  .of  tiflfue  oould  be  rendered  inaoti 

^of  the  sense-organs  at 
irregular  intervals  may 
bidicate  that,  even  while 
in  normal  relationship  to  tl^  surrounding  tissues,  each  s^ise-organ 
during  its  period  of  control  of  tl^  pulsation  of  the  medusa  exhausts 
from  its  immediate  surroundings  some  substance  necessary  for  the 
maintenance  of  the  discharge  of  impulses  at  a  regular  hi^  rate.  Since 
the  pulsation-rate  of  a  medusa  is  under  normal  conditicms  constant,  each 
sense-organ  must  give  up  its  control  as  soon  as  its  power  of  giving  out 
impulses  falls  below  that  necessary  to  maintain  the  usual  rate  of  pulsa- 
tion. When  a  given  s^ise-organ  has  surrendered  to  a  rxiore  active 
nei^bor  the  initiation  of  pulsation ,  it  will  have  a  sufficient  latent  period 
to  recover  the  chemical  equilibrium  necessary  for  bringing  its  rate  of 
diseharge  of  impulses  up  to  that  necessary  to  supplant  any  other  center 
as  the  controlling  factor  in  pulsation. 


inactive  in  order  to  determine 
whether  or  not  the  method  by  which  the  area  of  muscle 
under  the  influence  of  a  ain^e  aenae-organ,  was  reduced 
was  an  important  factor  in  determining  rate  of  pulsation. 
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GENERAL  DISCUSSION. 

THE  RELATION  OF  MUSCULAR  ACTIVITY  TO  THE  RATE  OF 
METABOLIC  PROCESSES  IN  CASSIOPEA. 

(1)  The  relation  of  muscular  activity  to  the  rate  of  regeneration  has 
been  considered  in  the  section  dealing  with  the  regena:ation  experi- 
ments and  will  be  here  taken  up  only  in  making  comparison  with  the 
results  obtained  by  other  methods.  It  appears  to  be  clearly  established 
that  in  this  organism  muscular  activity  plays  a  relatively  unimportant 
part  in  controlling  the  rate  of  metabolism  as  measured  by  the  total 
COs  output  or  by  either  of  the  two  other  standards  of  measurem^it 
employed.  The  relatively  small  difference  between  activated  and 
inactive  specimens  as  measured  by  either  of  the  three  standards  may  be 
accoimted  for  on  the  groimd  of  differences  in  temperature  induced 
by  the  extreme  activity  of  the  muscular  sjrstem.  While  no  estimate  of 
the  amount  of  heat  generated  through  muscular  activity  is  available 
for  Cassiapea,  the  evidence  secured  from  the  study  of  the  change  in  rate 
of  nerve-€onduction  (pulsation)  indicates  that  a  relatively  small  tem- 
perature increase  would  be  sufficient  to  account  for  the  observed 
differences.  In  spite  of  this  temperature  effect,  activated  disks,  piilsat- 
ing  at  from  3  to  10  times  the  rate  of  active  specimens,  show  metabolic 
activities  (by  whichever  of  our  three  standards  measured)  considerably 
lower  than  do  the  other  halves  of  the  same  original  disk,  the  activities 
of  which  are  under  the  control  of  the  s^ise-organs. 

(2)  With  the  elimination  of  muscular  activity  as  an  important 
determining  factor  in  metabolic  activity  there  remains  to  be  con- 
sidered the  nature  of  the  nervous  control  over  metabolic  activity. 
After  1851  (when  Ludwig  proved  the  existence  of  nerves  producing 
activity  of  the  cells  of  secreting  glands)  it  was  held  for  some  time 
that  there  were  nerve-fibers  presiding  over  othear  metabolic  activities, 
as  growth  and  repair.  With  the  increasing  knowledge  of  the  part 
played  by  chemical  excitation  in  controlling  many  activities,  the  concep- 
tion of  the  trophic  fimction  of  nerves,  in  the  broader  sense,  has  been 
discarded  by  most  modem  students  of  physiology. 

The  trophic  fimction  in  the  special  sense  of  Heidenhain  (1858)  has 
been  clearly  demonstrated  by  the  researches  of  Babkin  (1913)  for  the 
nerves  of  cranial  origin  to  certain  gland-cells. 

Most  studies  on  the  trophic  effect  of  nerves  on  growth  or  other 
general  metabolic  phenomena  have  given  negative  results.  Jacobson 
(1910)  concluded,  from  experiments  on  pigeons  and  dogs,  that  the 
denervated  areas  healed  as  rapidly  as  those  with  the  n^ymal  nerve- 
supply.  Tschermak  (1910),  after  extended  researches  and  a  critical 
review  of  the  literature  on  trophic  and  tonic  innervation,  states  that 
there  is  no  evidence  for  the  existence  of  separate  or  specific  trophic 
nerves.    He  considers  it  probable,  however,  that  motor  and  sensory 
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nerve-fibers  convey  trophic  impulses  as  an  accessory  function,  which 
would  unply  the  necessity  of  qualitative  differences  in  the  impulses 
which  traverse  any  fiber.  On  the  other  hand,  the  work  of  Head 
and  Campbell,  on  Herpes  zoster ^  supports  the  conception  of  a  trophic 
function  of  nerve-fibers.  In  this  disease  the  presence  of  change  in  the 
dorsal  root  ganglia  causes  abnormal  impulses  to  be  sent  in  an  efferent 
direction  along  the  sensory  fibers  of  the  skin.  On  account  of  this 
excitation,  blistering  of  the  skin  takes  place  over  the  area  of  distribu- 
tion of  the  fibers  (axones)  terminating  in  the  affected  ganglia. 

Jacobson  (loc.  cit.)  states  that  ''in  the  lower  animals  the  main- 
tenance of  life  processes  are  largely  a  phenomenon  of  chemical  coordina- 
tion/' and  that  trophic  influences  ought  to  be  greater  in  the  higher 
than  in  the  lower  animal  phyla.  Her  own  experiments  showed,  in  her 
opinion,  that  there  was  no  difference  in  this  respect  between  pigeons 
and  dogs,  both  animals  giving  negative  results. 

Among  the  lower  invertebrates,  in  Cassiopea  (and  in  this  respect  it  is 
imlikely  to  differ  ntiarkedly  from  other  scyphomedusse)  the  general 
metabolic  activities,  including  regeneration  (a  form  of  growth),  total 
COt  production,  and  the  using  of  body-substances  for  metabolism 
^dien  no  food  is  being  taken,  are  strongly  influenced  by  the  condition 
of  presence  or  absence  of  some  sort  of  impulses  from  the  sense-organs 
(nerve-centers) .  That  there  are  neurones  which  are  specific  conductors 
of  trophic  impulses  as  distinct  from  motor  or  sensory  nerves  is  by  no 
means  implied  by  this  statement.  In  fact,  in  a  nervous  system  such  as 
that  of  the  medusse  it  is  not  alwasrs  possible,  on  morphological  grounds 
alone,  to  separate  those  neurones  which  are  sensory  from  those  of  a 
motor  function.  In  the  absence  of  even  this  means  of  establishing  the 
identity  of  the  character  of  a  portion  of  the  neurones  it  is  useless  to 
attempt,  in  the  present  state  of  our  knowledge  of  the  anatomy  of  this 
nervous  system,  to  make  any  distinction  between  the  character  of  the 
function  of  any  particular  portion  of  it. 

In  spite  of  this  lack  of  completeness  in  our  knowledge  of  the  nature 
of  the  nervous  system  of  Cassiopea,  it  should  be  emphasized  that, 
through  whatever  morphological  mechanism  it  may  be  exercised,  the 
trophic  influence  of  the  sense-organs  is  a  constant  factor  in  the  normal 
metabolic  activity.  Without  these  impulses,  even  while  muscular 
activity  is  far  above  normal,  all  the  measurable  metabolic  activities 
except  that  of  the  motor  system  are  maintained  at  a  considerably 
lower  level  than  when  under  the  control  of  the  sense-organs,  by  which 
muscular  activity  is  held  at  a  much  lower  rate  than  that  at  which  these 
tissues  are  4iapable  of  maintaining  a  constant  activity  for  long  periods. 


166  Papers  from  the  DeparimefU  of  Marine  Biology. 

SUMMARY. 

(1)  The  experiments  with  entire  disks,  when  the  rates  of  regenera- 
tion of  specimens  on  which  the  sense-organs  remained  are  compared 
with  those  of  specimens  from  which  all  sense-organs  are  removed,  are 
inconclusive  because  of  wide  differences  in  physiological  activity 
between  different  individuals. 

(2)  When  we  compare  the  insulated  halves  of  a  disk,  on  one  of  which 
the  sense-organs  remain,  while  all  of  them  have  been  removed  from 
the  other  half,  it  is  found  that  the  half-disk  with  sense-organs  always 
regenerates  most  rapidly.  This  is  especially  noticeable  in  the  early 
stages  of  r^eneration.  The  difference  in  rate  falls  gradually  through- 
out the  course  of  an  experiment  (table  1  and  fig.  6). 

(3)  When  disks  prepared  as  in  the  experiments  mentioned  in  the 
previous  paragraph  are  allowed  to  regenerate  in  sea-water  plus  15  parts 
0.6  m  MgS04,  the  regeneration  is  at  first  more  rapid  from  the  half  on 
which  the  s^ise-organs  come  \mder  the  influence  of  the  anesthetic,  and 
from  that  time  on  the  rate  of  r^eneration  is  practically  equal  from 
both  halves  (table  2  and  fig.  7). 

(4)  When  all  the  sense-organs  are  removed  from  a  disk  and  the 
halves  insulated,  muscular  activity  may  be  maintained  in  one  half  by 
forming  an  endless  labyrinth  of  the  submnbrella  tissue  and  initiating  a 
circuit  wave  of  contraction  by  induction  shocks.  Under  these  condi- 
tions the  regeneration  is  faster  from  the  activated  than  from  the 
ioactive  half-disk.  The  difference  is,  however,  not  nearly  so  great  as 
when  the  sense-organs  are  removed  from  only  one  of  the  insulated 
halves  of  a  disk  (table  3  and  fig.  8). 

(5)  Comparison  of  rates  of  regeneration  of  the  halves  of  a  disk,  one 
half  of  which  retains  its  sense-organs,  while  a  circuit  wave  of  contrac- 
tion is  maintained  in  the  muscles  of  the  other  half,  shows  that  the 
half-disk  the  muscles  of  which  are  contracting  under  the  control  of  the 
sense-organs  regenerates  faster,  although  the  rate  of  pulsation  of  the 
activated  half  is  more  than  3  times  that  of  the  former  (table  4  and  fig.  9). 

(6)  The  influence  of  the  nervous  system  on  the  earlier  stages  of 
regeneration  has  been  noted  by  several  earlier  investigators,  but 
apparently  no  importance  has  been  attached  to  it. 

(7)  These  experiments  indicate  that  the  rate  of  regeneration  is  simply 
one  expression  of  the  general  metabolic  activity  of  an  animal,  and  as 
such  is  subject  to  the  influence  of  the  nerve-centers,  as  are  many  other 
fimctional  activities. 

(8)  When  a  normal  medusa,  a  regenerating  medusa,  a  medusa  disk, 
or  half-disk  is  kept  in  water  free  from  food  material,  the  loss  in  weight 
follows  a  curve  of  the  formula  y=w{l—a)x.  Here  y=the  weight  for 
any  given  day,  w  =  original  weight,  x  =  niunber  of  days  of  starvation, 
and  a  is  a  constant,  the  ''coefficient  of  negative  metabolism."  The  value 
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of  a  wiU  differ  under  different  experimental  conditions,  but  aU  observed 
instances  agree  closely  with  the  expectations. 

(9)  The  greater  part  of  the  loss  in  weight  appears  to  be  shown  by 
the  mesogloea,  which  undergoes  marked  histological  changes  during  the 
course  of  starvation. 

(10)  As  in  regeneration  experiments,  the  greatest  metabolic  activity 
is  shown  by  the  active  specimens,  the  least  by  the  inactive,  while  the 
activated  individuals  stand  in  an  intermediate  position,  being  closest 
to  the  one  in  which  muscular  activity  is  entirely  suppressed.  (Table 
9,  and  figures  10,  11,  and  12.) 

(11)  Specimens  as  prepared  for  the  previous  experiments  were  kept 
for  various  i)eriods  in  closed  jars  of  sea-water,  each  containing  about 
1 ,200  c.c.  The  amount  of  CO3  given  off  was  ascertained  by  determining 
the  hydrogen  ion  concentration  of  this  water  at  the  beginning  and  end 
of  each  experiment.  The  volume  of  CO2  necessary  to  bring  about  the 
observed  change  was  determined  by  adding  known  volumes  of  this  gas 
to  1,200  c.c.  of  sea-water,  as  shown  in  figure  13. 

(12)  While  the  rate  of  pidsation  of  the  activated  half-disks  was  gen- 
erally more  than  3  times  that  of  the  active  half  of  the  same  disk,  the 
amount  of  CO2  given  off  in  respiration  from  the  activated  specimen 
was  never  more,  and  ahnost  always  considerably  less,  than  that  from 
the  active  specimens  of  any  pair  of  half-disks.  In  general  the  results 
from  this  type  of  experiment  are  in  perfect  accord  with  those  obtained 
from  those  recorded  in  sections  I  and  II,  where  the  standard  of  measure- 
ment was  a  component  part  of  that  used  in  the  respiration  experiments. 

(13)  The  change  in  rate  of  nerve-conduction  (pulsation)  in  activated 
q[)ecimens  over  a  range  in  temperature  from  23^  to  33^  C.  follows  nearly 
a  straight  line,  the  actual  rate  being  approximately  doubled  for  this 
increase  of  10^  C.  Beyond  35^  the  rate  rapidly  declines,  death  ensuing 
at  38^.  The  curve  for  this  change  resembles  very  strildngly  that  for 
enzyme  action.  The  change  in  rate  of  active  half-disks  is  much  more 
erratic.  Such  specimens  can,  however,  be  carried  to  much  lower 
temi)eratures  (14^  C.)  before  activity  ceases,  and  the  upper  limit  of 
temperature  was  always  higher  by  2  or  3  degrees  than  for  the  activated 
half  of  the  same  disk.  When  a  sin^e  sense-organ  was  subjected  to 
changes  in  temperature,  the  remainder  of  the  disk,  without  its  sense- 
organs,  being  maintained  at  a  constant  temperature,  the  results  showed 
no  characteristic  difference  from  those  obtained  when  the  whole  disk 
was  subjected  to  the  temperature  change. 

(14)  As  the  area  of  tissue  enervated  by  a  single  sense-organ  is  succes- 
sively reduced  to  one-jialf  its  former  extent  at  each  operation,  the  rate 
of  pulsation  declines  until,  when  the  area  has  been  reduced  to  -^V  its 
original  extent  the  pulsations  will  have  been  reduced  to  approximately 
half  their  original  number.  Beyond  this  point  the  reduction  in  rate 
of  pulsation  followed  the  same  ratio  to  the  area,  at  least  until  the  final 
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area  of  y^r  ^^  original  extent.  A  piece  of  subumbrella  tissue  0.0001 
the  original  area  of  the  disk  is  still  capable  of  responding  to  each 
induction  shock  when  applied  at  the  rate  of  126  per  minute.  Appar- 
ently, therefore,  the  necessity  for  a  latent  pmod  on  the  part  of  the 
muscles  is  not  an  important  factor  in  the  decline  in  rate  of  pulsation. 
It  appears  more  probable  (as  indicated  by  the  manner  in  which  each 
of  the  16  sense-organs,  usually  present  on  a  medusa,  take  up  in  turn  the 
initiation  of  the  stimulus  for  pulsation)  that  some  chemical  interchange 
between  the  sense-organs  and  the  surrounding  tissue  is  necessary  in 
order  that  the  activity  of  these  structures  shall  be  maintained  at  the 
highest  state  of  efficiency.  As  the  tissue  area  is  reduced  this  readjust- 
ment takes  place  at  a  correspondingly  lowear  rate,  because  the  material 
essential  for  this  adjustment  is  less  readily  available  to  the  sense-organs. 
(15)  The  evidence  from  the  foregoing  experiments  establishes  the 
fact  tibat  some  sort  of  trophic  influence  is  exerted  in  general  metabolic 
activities  by  the  sense-organs.  The  structure  of  the  nervous  system  of 
Caseiopea  makes  it  impossible,  however,  to  prove  the  existence  of 
trophic  nerve-fibers  as  distinct  from  those  of  sensory  or  motor  function. 
On  the  oihear  hand,  it  is  shown  that  in  this  lowly  organized  form  there 
are  transmitted  from  the  nerve-centers  certain  influences  that  are  abso- 
lutely essential  for  nciaintaining  general  metabolic  activities  at  their 
normal  rate. 
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THE  CHEMISTRY  OF  LIGHT-PRODUCTION  IN  LUMINOUS 

ORGANISMS/ 


Bt  E.  Nbwton  Habtbt. 


INTRODUCTION. 

The  literature  on  the  subject  of  ammal  phosphorescence  or  biolum- 
inescence  or  biophotogenesis  is  so  voluminous  that  no  attempt  can  be 
made  in  the  present  article  to  record  a  complete  list.  A  fairly  com- 
plete bibliography  will  be  found  in  Mangold's  article,  "  Die  Production 
von  licht/'  in  Winterstein's  Vergleichende  Physiologie.  The  names  of 
Beijerinck,  Dubois,  Ehrenberg,  Krukenberg,  Mangold,  McDermott, 
Moliah,  Panceri,  Phipson,  and  Quatrefages  are  intimately  connected 
with  the  chemical  and  physiological  side  of  light-production.  The 
woric  which  has  been  accomplished  up  to  the  present  time  indicates  that 
light-production  by  animals  is  to  be  classified  among  the  chemilum- 
inescent  reactions  which  have  been  studied  from  the  purely  chemical 
sidei  especially  by  Radziszewski  and  Trautz.  All  of  the  evidence  now 
indicates  that  oxygen  is  necessary  for  this  reaction — at  least  the  state- 
ment is  true  for  the  following  investigated  forms:  the  fireflies;  lumi- 
nous bacteria  and  fungi;  NoctHuca  (2) ;  apennatulid  {Cai)ernvlaTi(i) ;  and 
an  ostracod  crustacean  (Cypridina).  It  has  been  objected  by  some 
that  if  we  place  the  organisms,  say  luminous  bacteria,  in  an  atmosphere 
devoid  of  oxygen  and  find  that  no  light  is  produced,  that  merely  means 
that  certain  functions  of  the  cell  are  interfered  with,  inctuding  light- 
producticm,  but  does  not  indicate  that  oxygen  is  actually  used  up  in 
the  photogenic  process.  The  objection  will  not  hold,  however,  for 
extracts  of  luminous  cells  or  the  luminous  secretion  of  Ci/pridtna,  which 
contains  the  Hi^t-producing  substance  in  solution  (so  that  it  can  not 
be  removed  by  filtration  through  a  porcelain  or  siliceous  filter)  will  give 
no  Hi^t  if  tlM  oxygen  be  removed,  and  light  returns  wh^i  oxygen  is 


We  may  thereforo  say  that  a  definite  substance  is  burned  (oxidized), 
and  in  some  forms  it  bums  as  granules  and  in  others  as  a  homogeneous 
and  probably  colloidal  solution.  This  substance  is  stable  and  non- 
luminous  when  dried  and  is  not  a  fat  or  any  substance  soluble  in  fat 
solvents.  It  has  been  called  noctihicin  by  Phipson  (e  and  7),  photogen 
by  Molish  (s),  luoiferin  by  Dubois  (•),  and  photogenin  by  myself. 
Phipeon  and  Molish  did  not  recognize  that  in  many  forms  two  sub- 

>Tlib  pftper  it  a  eompOmtioii  with  additkuM  and  some  ehanges  of  my  woric  on  himiiKraB  fonna 
dminc  tha  past  thrae  years.  Tlia  original  papers  will  be  found  srouped  together  in  the  bibUog- 
laphy  (I),  and  are  not  specifioally  referred  to  in  the  text. 
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stances  are  oonoemed  in  light-production,  but  Dubois  (t)  pointed  out 
that  in  the  elaterid  beetles  and  in  the  mollusc  Pholas  dadylus  such  was 
the  case  and  he  showed  that  these  substances  could  be  separated  by 
heat.  I  can  confirm  this  statement  for  certain  other  forms  (lampyrid 
beetles  and  Cypridina),  but  find  that  the  substances  in  Cypridina  have 
many  characteristics  different  from  those  described  by  Dubois  for 
Pholas  and  that  the  mechanism  of  light-production  is  quite  different 
from  that  which  Dubois  (!•)  supposes.^  A  record  of  the  experiments 
and  a  discussion  of  the  chemistry  of  light-production  in  all  its  aspects 
will  be  found  in  the  following  pages.  Cypridina^  as  the  most  favor- 
able species,  will  be  considered  first  and  then  the  other  forms  which  I 
have  studied — ^the  luminous  beetles,  the  pennatulid  Cavernularia,  lum- 
inous bacteria,  the  squid  Watasenia  scirUtUans,  and  a  fish  (Monocenbrie 
japanica) — ^together  with  a  consideration  of  certain  chemiluminescent 
reactions  which  involve  the  taking  up  of  oxygen. 

Most  of  the  studies  reported  herein  were  made  in  Japan,  a  region 
unusually  rich  in  luminous  forms,  through  the  kindness  of  Dr.  Alfred  G. 
Mayer  and  under  the  auspices  of  the  Department  of  Marine  Biolc^^ 
of  the  Carnegie  Institution  of  Washington. 

The  success  of  my  investigations  ¥^as  largely  due  to  the  interest  and 
kindness  of  Professor  C.  Ishikawa,  of  the  Zoology  Department,  Agri- 
cultural College,  Imperial  University  of  Tokyo,  and  to  Professor  I. 
Ijima,  of  the  Imperial  University,  who  extended  to  me  the  hospitality 
of  the  marine  biological  laboratory  at  Misaki.  I  am  also  indd[>ted  to 
Dean  Kozai  and  Professor  Aso,  of  the  Agricultural  College,  for  the  use 
of  many  chemicals  and  apparatus.  I  extend  my  cordial  thanks  to  all 
of  these  men. 

STUDIES  ON  THE  QSTRACOD  CRUSTACEAN  C.  HILGENDORni, 

GENERAL  CHARACTER  OF  LIGHT  AND  OF  LUMINOUS  GLANDS. 

Cypridina  hilgendarfii  is  a  strongly  negativdy  heliotropic  ostraood 
best  obtained  at  night  by  lowering  into  the  water  fish  heads,  on 
which  the  animals  feed.  It  may  be  caught  the  year  roimd,  but  is 
most  abundant  during  August  and  September  in  Sagami  Bay,  Japan. 
Another  non-luminous  species  {Cypridina  x.)  is  often  obtained  from  the 
fish  heads  together  with  C.  hilgendorfii.  It  is  positively  hdiotropic  to 
lamplight.  C.  hilgendorfii  is  so  strongly  negatively  heliotropic  that  it 
is  not  readily  cau^t  on  moonlight  nights  and  avoids  a  shore  with  many 
electric  lighte. 

The  light-giving  material  of  Cypridina  is  a  secretion  formed  in  a 
special  gland  of  yellow  spindle-shaped  cells,  opening  near  the  mouth.^ 

'All  of  Dubois's  papers  are  listed  in  Ann.  d.  la  Soo.  Linn,  de  Lyon  for  1913.  AgeiMral 
account  is  given  in  '*  La  Vie  et  la  Lumi^"  Alcan,  Paris. 

Tor  a  description  of  the  anatomy  of  the  organ  see  a  paper  by  N.  Yatsu  in  Joum.  Morph.,  1917, 
and  Dahlgren  (If). 
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In  adult  living  cypridinas  the  gland-cells  fonn  a  cylinder  about  0.64 
mm.  by  0.24  mm.,  having  a  volxmie  of  about  0.0003  c.c.  The  secretion 
is  readily  formed  upon  agitation  of  the  animal  and  is  easily  visible  in  a 
room  in  the  daytime.  To  the  dark-adapted  eye  the  color  is  decidedly 
bhiifih  and  the  light  very  intense.  To  a  partially  light-adapted  eye 
the  color  is  blue.  In  this  respect  the  light  differs  markedly  from  the 
yellowish  white  (to  the  dark-adapted  eye)  light  of  luminous  bacteria 
of  Cavemvlaria  or  of  the  Japanese  firefly,  which  is  green  to  the  par- 
tially dark-adapted  eye.  Lund  (s)  describes  a  Cypridina  squamosa  (?) 
and  a  CycUrpina  gracilis  from  Montego  Bay,  Jamaica,  which  gave 
an  ^^intensely  luminous  greenish  yellow  secretion."  Most  observa- 
tions, however,  record  the  light  to  be  decidedly  bluish.  There  is  no 
inhibition  of  the  light  secretion  in  daylight,  as  has  been  described  for 
other  fonns  (4  and  s).  When  first  caught,  cypridinas  give  off  the 
secretion  readily,  sometimes  upon  mere  contact  with  the  surface  film 
of  water,  but  if  they  are  kept  in  the  laboratory  the  secretion  is  not 
given  off  so  readily.  Removal  from  sea-water  also  inhibits  the  ejec- 
tion of  the  secretion  and  it  is  necessary  to  squeeze  the  animal  ratiier 
strongly  before  the  secretion  is  given  out.  Electrical  stimulation  also 
caUs  forth  the  production  of  an  abundant  light-secretion. 

NATURE  OF  THE  LIGHT-SECRETION. 

The  gland-cells  are  almost  completely  filled  with  yellow  material 
which  can  be  observed  to  be  composed  of  yellow  globules  2  to  6  micra 
in  diameter.  These  are  extruded  and  dissolve  to  a  colorless  solution, 
absolutely  free  of  visible  granules,  which  gives  the  light.  The  globules 
are  rather  fluid  in  consistency,  as  the  outline  can  sometimes  be  seen 
to  pass  through  amoeboid-like  changes. 

If  we  examine  the  natural  secretion  of  Cypridina  in  sea-water  at 
ni^t,  the  light  appears  perfectly  homogeneous.  No  points  of  light 
appear,  such  as  might  be  due  to  granules,  a  condition  wholly  different 
from  that  in  the  juice  of  Cavemularia,  which  contains  visible  granules, 
and  at  ni^t  the  light  from  these  under  the  microscope  gives  the  appear- 
ance of  a  starry  sky. 

If  cypridinas  be  ground  in  a  mortar  and  then  examined  at  ni^t, 
numerous  very  bright  points  of  light  appear,  and  these  are  greatly 
increased  by  the  addition  of  fresh  water  to  the  preparati(m.  The 
light  undoubtedly  comes  from  solution  of  the  above-described  yellow 
globules  and  when  they  have  dissolved  no  more  points  of  light,  but  a 
steady  homogeneous  glow,  is  to  be  observed.  Electrical  stimulation 
by  strong  interrupted  induced  shocks  does  not  intensify  the  light  from 
an  extract  of  cypridinas,  glowing  faintly. 

PORCELAIN  HLTRATION. 

Although  no  visible  granules  are  found  in  the  natural  secretion  of 
Cypridina,  an  ultramicroscopic  investigation  was  not  undertaken  on 
account  of  lack  of  apparatus. 
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All  of  the  light-producing  substances  (both  photogenin  and  photo- 
phelein,  p.  178)  will  easily  pass  a  Pasteur-Chamberkuid  or  a  Berkefeld 
filter  tube,  so  that  the  particles  present,  if  any,  must  be  exceedingly 
small. 

Complete  proof  of  the  truly  soluble  character  of  the  light-producing 
substances  is  given  by  dialysis  experiments  recorded  on  page  183. 

LACK  OF  OXYGEN. 

Oxygen  is  necessary  for  light-production,  as  may  be  seen  by  placing 
the  crushed  animals  in  a  hydrogen  atmosphere,  or  by  bubbling  hydro- 
gen through  a  glowing  extract  of  the  animals.  The  light  never  com- 
pletely disappears,  even  after  a  long  time,  but  remains  dim,  so  that 
very  little  oxygen  (as  no  special  precautions  were  taken  to  remove  the 
last  traces  of  oxygen  from  the  hydrogen,  prepared  in  a  Eapp  generator) 
18  sufficient  to  give  light.  On  readmitting  oxygen,  however,  a  brilliant 
glow  results.  Unlike  the  firefly  (p.  196),  an  extract  of  Cypridina  can  be 
kept  in  absence  of  oxygen  for  over  ten  days  with  no  light-production, 
but  light  again  instantly  appears  if  oxygen  is  readmitted. 

DESICCATION  AND  ETHER  EXTRACTION. 

Cypridinas  may  be  dried  over  CaCU  and  will  give  a  brilliant  light 
if  crushed  and  moistened  with  sea-water.  Dried  crushed  cypridinas 
may  be  extracted  with  six  changes  of  ether  during  the  course  of  two 
days  without  impairing  in  the  least  their  power  to  produce  light  when 
again  moistened.  The  luminous  substance  is  therefore  of  a  non-lipoid 
ether-insoluble  nature,  as  might  be  expected  from  the  fact  that  it  is 
extruded  from  the  animal  as  a  clear  water-soluble  non-fluorescent 
secretion. 

CHEMICAL  TESTS  ON  THE  SECRETION. 

Despite  the  fact  that  the  light  from  the  natural  secretion  of  Cypridina 
is  very  bright,  a  sample  of  the  secretion,  collected  by  shaking  many 
cypridinas  in  a  small  volume  of  sea-water  and  filtering,  responds  to 
none  of  the  common  biochemical  tests.  It  gives  no  precipitate  with 
picric  acid  or  on  saturation  with  (NH4)2  SO4  or  on  boiling,  even  idien 
made  slightly  acid.  Fehling's  reaction  is  negative,  as  also  the  biuret 
and  xanthroproteic  for  proteins,  the  Molish  reaction  for  carbohydrates, 
and  the  indophenol  test  (o-naphtholandpara-phenylen-diamine)  +H2O2 
for  oxidases. 

I  do  not  mean  to  infer  from  this  that  the  luminous  substance  is 
neither  protein,  fat,  or  carbohydrate,  but  merely  that  the  concentra- 
tion giving  a  bright  light  is  too  small  to  respond  to  chemical  tests 
(seep.  188). 

LUCIFERIN  AND  LUCIFERASE. 

The  light  from  the  natural  secretion  of  Cypridina  lasts  for  some  time 
in  sea-water  and  then  disappears,  and  no  amoimt  of  shaking  will  cause 
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it  to  appear  again.  If  we  add  to  this  natural  secretion  an  extract  of 
Cypridina  heated  to  boiling,  a  brilliant  light  again  results;  or  if  we  mix 
a  water  extract  of  Cypridina  whose  light  has  disappeared  on  standing 
with  a  similar  extract  whose  light  has  been  destroyed  by  boiling,  light 
again  results.  As  already  mentioned,  Dubois  first  demonstrated  this 
for  Pyrophorua  and  a  year  later  for  Pholas  dacbylus.  In  Dubois's 
phraseology  we  have  mixed  two  substances — ^ludferin  (in  the  boiled 
tube)  and  luciferase  (in  the  tube  allowed  to  stand) — necessary  for  light- 
production.  According  to  Dubois  (!•),  one  of  these,  luciferase,  is  an 
oxidizing  ensyme  and  is  destroyed  by  heat;  the  other,  luciferin,  a  sub- 
stance not  destroyed  by  heat,  is  capable  of  oxidation  with  light-produc- 
tion by  means  of  luciferase.  When  the  natural  secretion  of  Cypridina 
is  allowed  to  stand  all  the  luciferin  is  oxidized  and  the  luciferase  is  left; 
when  a  hnninous  extract  of  Cypridina  is  boiled  the  luciferase  is  de- 
stroyed before  all  the  luciferin  is  oxidized.  The  two  substances  alone 
in  sohition  are  non-luminous. 

At  one  time  I  believed  Dubois's  interpretation  of  this  experiment 
to  be  correct,  but  results  on  Cypridina  have  led  me  to  wholly  different 
oonchisions  regarding  the  existence  of  luciferin  and  luciferase.  Dubois's 
interpretation  is  indeed  attractive.  We  know  that  the  light-produc- 
tion is  an  oxidation;  that  two  substances  are  concerned;  that  these 
substances  give  light  in  very  small  concentration  comparable  with 
enzyme  activity  (see  p.  188);  that  one  of  them  can  use  up  a  large 
amount  of  the  other  (see  p.  189)  and  possesses  certain  properties 
(destruction  by  heat,  phoephotunc^c  and  tannic  add)  characteristic 
of  enzymes.  Further,  we  actually  know  of  oxidative  reactions  taking 
place  with  the  production  of  light  under  the  action  of  oxidizing  enzymes 
from  plants  and  animals  (see  p.  225). 

It  is  quite  i>ossible  that  light-production  in  Pholas  dadylus  is  of  this 
nature,  as  it  differs  radically  in  very  essential  points  from  the  mech- 
anism in  Cypridina  and  in  the  firefly.  Thus,  Dubois  finds  that  Pholas 
luciferin  (the  substance  not  readily  destroyed  by  heat  and  giving  light 
with  luciferase)  can  be  oxidized  with  light-production  by  many  oxi- 
dizing agents — ^blood,  HsQi,  KMn04,  BaOs,  PbOti  etc. — and  that  it 
occurs  only  in  the  luminous  organs  of  Pholas  dadylus  (!•).  I  find  that 
Cypridina  luciferin  (a  substance  not  readily  destroyed  by  heat  and 
giving  light  with  luciferase)  will  not  give  light  with  the  above-men- 
tioned oxidizing  agents  and  is  found  in  many  other  non-luminous 
anvmalfl  and  in  the  non-luminous  parts  of  Cypridina  hilgendarfii. 

Dubois  finds  that  Pholas  luciferase  (a  substance  destroyed  easily 
by  heat  and  using  up  Pholas  luciferin  with  light-production)  occurs  in 
many  other  non-luminous  animals  (!•),  whereas  I  find  a  body  with  the 
same  properties  only  in  the  luminous  organs  of  Cypridina.  This  sub- 
tance,  which  we  may  temporarily  call  Cypridina  luciferase,  in  concen- 
trated solutions,  will  give  light  (as  before  mentioned)  with  extracts  of 
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many  non-luminous  animab.  It  will  also  give  light  if  mixed 
many  pure  substances,  as  chlorofonn,  ether,  bensd,  thymol,  saponin, 
oleic  acid,  atropin,  NaCl,  and  others.  Since  most  of  the  above  sub- 
stances could  not  possibly  be  oxidized  by  the  luoiferase,  I  conclude 
that  they  cause  in  some  way  the  giving  out  of  light  in  what  Dubois 
terms  luciferase.  On  this  view  luciferase  is  the  source  of  the  light  and 
the  luciferin  (in  the  boiled  extract  of  Cypridina)  is  something  whidi 
causes  the  luciferase  to  emit  light. 

The  substances  causing  the  emission  of  light  from  a  concentrated 
solution  of  luciferase  are  similar  to  those  produdng  cytolysis  of  cells, 
and  I  have  considered  the  possibility  that  the  concentrated  extract 
might  contain  fragments  of  the  luminous  gland-cells  which  cytolyie 
with  light-production  or  possibly  granules  which  dissolve  with  li^^t- 
production,  as  described  in  many  other  forms,  and  as  especially  prom- 
inent in  the  juice  of  Cavemvlaria.  I  am,  however,  convinced  that  th^e 
are  in  the  extract  of  cypridinas  which  will  give  light  with  unoxidizable 
substances  no  cell  fragments  present  and  no  granules  above  those  of 
submicroscopic  colloidal  dimensions,  for  the  following  res^soDa: 

First,  the  light  is  always  perfectly  homogeneous  and  in  marked  con- 
trast to  the  points  of  light  of  Cavernvlaria  juice,  where  visible  granules 
and  cell  fragments  do  occur. 

Second,  Cypridina  extract  (luciferase)  will  give  light  with  thymol, 
butyl  alcohol,  or  NaCl  crystals  after  filtration  through  a  Chamberland 
or  a  Berkefeld  filter,  which  removes  all  cell  fragments. 

PHOTOPHELEIN  AND  PHOTOGENIN. 

I  conclude,  therefore,  that  Dubois's  luciferase,  a  thermolabile  sub- 
stance in  luminous  cells,  is  the  light-producing  body.  It  gives  light  in 
contact  with  many  substances  not  necessarily  oxidizable  and  an  espe- 
cially  bright  light  with  a  thermostabile  substance  (Dubois's  luciferin) 
found  in  high  concentration  throughout  the  body  of  Cypridina  hUgen- 
dcrfii  and  in  small  concentration  in  the  blood  or  juices  of  other  non- 
luminous  invertebrates.  I  therefore  propose  the  new  names  photogenin 
(light-producer,  from  ^&,  light,  and  y&ycuij,  produce)  for  luciferase  and 
photophelein  (Ught-assister,  from  ^>&,  light,  and  <S>^Xia>,  assist),  for 
luciferin. 

As  we  shall  see  later  (p.  189),  the  photophelein  can  not  be  regarded 
as  an  enzyme,  because  it  is  used  up  in  the  reaction  and  will  not  give 
light  with  an  indefinite  amoimt  of  photogenin.  The  photogenin  corre- 
sponds much  more  to  an  enzyme,  but  it  is  also  slowly  used  up.  At 
present  we  can  only  speak  of  photophelein  as  a  definite  substance 
causing  in  some  way  the  emission  of  light  from  photogenin. 

Perhaps  the  comparison  of  the  important  facts  concerning  light- 
production  in  Pholas  and  Cypridina  shown  in  table  1  will  make  clearer 
Dubois's  and  my  own  views,  and  bring  out  the  contradictory  properties 
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of  the  corresponding  substances  in  the  two  animals.    A  more  complete 
table  is  given  on  page  200. 

Whatever  the  exact  interpretation  of  the  facts  may  be,  it  is  certain 
that  two  substances  are  concerned  in  light-production,  and  these  may  be 
sqiarated,  because  they  are  destroyed  at  different  temperatures.  We 
may  now  inquire  into  each  of  their  properties  separately  and  return  to 
a  discussion  of  the  mechanism  of  light-production,  in  considering  the 
le  enzyme  nature  of  photogenin. 


Tabui  1. 


Pholas. 

Cypridlna. 

Luoiferin 
(oxidises 
with  light- 
production  by 
lucif erase). 

Ludf erase 

(ensyme 

accelerating 

oxidation  of 

luciferin). 

Photophelein 

(substance 

assisting 

in  production 
of  light  by 

photogenin). 

Photogenin 
(auto-oxidis- 
able  in  pres- 
ence of 
photophelein). 

Destruction  by  heat 

DuUysable 

+ 
+ 

+ 

+ 
+ 

+ 

+ 

Stabflity 

Occurrence  in  non-himi- 
noun  piirt4 ,  -  r 

Oxidised  with  U^t-pro- 
duction    by    KMnOi* 
H«Ot.  etc 

DISTRIBUTION  OF  PHOTOPHELEIN  AND  PHOTOGENIN  IN  ORGANISMS. 

Certain  fundamental  facts  for  the  chemical  theory  of  light-production 
appear  when  we  study  the  distribution  of  photophelein  and  photogenin: 
(i)  in  the  non-luminous  parts  of  Cypridina;  (ii)  in  the  non-luminous 
Cypridina;  (iii)  in  other  non-liuninous  organisms;  (nr)  in  luminous 
organisms. 

By  a  careful,  quick  scissors-cut,  the  head  end  of  Cypridina  containing 
the  luminous  gland  can  be  separated  from  the  posterior  half  without 
any  contamination  of  the  latter  with  luminous  secretion.  If  we  now 
test  the  non-luminous  half  with  dilute  photophelein  and  photogenini 
we  find  that  it  contains  nothing  which  will  give  light  with  photophelein^ 
but  something  which  will  give  a  bright  light  with  photogenin.  We 
must  toy  the  experiment  immediately,  because  this  substance  disappears 
if  the  extract  stands  in  presence  of  oxygen.  In  absence  of  oxygen,  or 
if  the  extract  is  boiled  immediately  (but  not  too  long  a  time),  the  sub- 
stance does  not  completely  disappear,  even  after  an  hour.  There  is, 
therefore,  in  the  non-liuninous  parts,  the  substance  photophelein, 
which  disappears  even  in  the  absence  of  photogenin  (from  limtiinous 
gland),  unless  the  solution  be  boiled  or  oxygen  excluded.    (Note  the 
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siznilarity  to  the  disappearance  of  photophdein  in  the  presence  of 
photogenin,  with  this  exertion,  that  no  light  is  produced.)  The 
experiment  seems  to  indicate  a  third  substance  destroyed  by  heat, 
in  non-limiinous  parts,  which  oxidises  (smce  oxygen  is  necessary)  the 
photophelein. 

In  the  extract  of  the  non-luminous  species,  th^«  is  also  a  similar 
substance  (photophdein)  which  will  giye  light  with  photogenin.  Unlike 
the  photophelein  from  the  non-luminous  part  of  Cypridina  hUgendorfii^ 
it  occurs  in  yery  small  concentration,  so  that  we  must  use  concentrated^ 
photogenin  and  concentrated  extract  of  Cypridina  x. 

Tabu:  2. 


Animal. 

Order. 

CHiaracter  of  licbt  from  juice. 

Unboiled. 

BoDed. 

Seoia  eaculenta  (blood) 

C^>hakq;N>da... 
Gasteropoda.. . 

Annelida 

Decapoda. 

Cirripedia 

Girr4>edia 

Cirripedia 

I>eei^>oda 

Decapoda 

Amphineura. . . 
Anndida 

Annelid  A 

Annelida 

Gasterc>poda. . . 

Inaecta 

Turbdlaria 

Faint!..!.!. 
Veiy  faint. . . 
Veiy  faint. . . 

Good 

Faint 

Faint 

Faint 

Faint 

Fair 

Fair 

Veiy  faint... 

Faint 

Faint 

Negatiye 

Faint 

Fair! 

Veiy  faint. 
Faint. 
Brii^t. 

Fair! 

Faint. 

Good. 

Fair. 

Veiy  faint. 

Faint. 

Faint. 

Fair. 

Faint. 

Dolabella  an.  (blood) 

Liaoiionie  iaDonioa  (blood) 

Lepaa  anatif era  (octract) 

Tetradita  Doroaa  (estraet) 

Mitella  mitella  (estraet) 

Ozyrbynehida  (mooB  crab)  (extract) 

Palsmon  sd.  (extract) 

Onchidium  n>.  (extract) 

Non4uminoiis  parts  firefly  (extract) 

Flat  worm  (an.?)  (extract) 

The  photophdein  from  Cypridina  x  is  also  destroyed  or  disappears 
if  the  extract  stands  1^  hours  in  contact  with  oxygen,  but  not  in  the 
absence  of  oxygen.    Boiling  makes  the  extract  more  stable. 

In  some  other  non-luminous  forms,  widely  different  in  relationship 
from  Cypridina,  there  are  substances  which  give  light  with  concen- 
trated photogenin  and  others  which  will  not,  whether  the  extract  has 
been  boiled  or  left  unboiled.  The  extracts  were  boiled  in  order  to 
destroy  substances  which  in  turn  might  quickly  destroy  photophelein. 

Among  the  light-giving  extracts  may  be  mentioned  those  listed  in 
table  2. 

Of  these  forms,  Lepas  and  Chiton  gave  the  best  light  and  of  these 
two  only  Lepas  gave  light  with  dilute  Cypridina  photogenin.  Too 
much  stress  must  not  be  laid  upon  comparative  results,  because  much 
depends  upon  the  concentration  and  it  is  not  easy  to  obtain  extracts 
of  comparative  concentration. 

'By  concentrated  photogenin  is  meant  an  extract  of  1  Cypridina  in  OA  to  1.0  c.c.  water. 
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Unlike  the  photophelein  from  the  lummous  parts  of  Cypridina  or 
from  non-luminous  cypridinas,  that  of  Lepas  extract  or  of  DolabeUa 
blood  is  perfectly  stable  and  wiU  give  light  with  photogenin  even  after 
standing  for  a  period  of  24  hours. 

Many  extracts  were  f  oimd  to  give  no  light  with  concentrated  photo- 
g^iin.  These  included  those  shown  in  table  3,  which  were  tried  both 
boiled  and  unboiled.  Again  it  is  possible  that  with  greater  concen- 
trations even  these  extracts  would  call  forth  a  faint  light. 

The  following  fluids  and  dissolved  protein  substances  also  give  no 
light  when  their  solutions  are  mixed  with  photogenin:  50  per  cent 
^g  albumen;  50  per  cent  egg  yolk ;  Na  nucleate;  Nanucleoproteinate; 
Witte's  pepUme;  neutral  meat  peptone;  dried  ox-blood  extract. 

Table  3. 


Animal. 

Order. 

Animal. 

Order. 

Modiolus  iD.7 

Lamellibranch. 

Gasteropod. 

Qasteropod. 

Eohinoid. 

Decapod. 

T^igi^t-  €nroticA 

Isopod. 
Coleoptera. 
Coleoptera. 
Coleoptera. 

Coccinella  7-punctata . . . 
Anomala  rofsouprea. . . . 
Glysiphana  jocunda 

Siflif  um  sp*? 

SphKrecfainoB  pulohenimus. 
Wall  crab  (sd.T) 

It  is  certain,  then,  that  there  is  photophelein  or  something  similar 
to  it  in  the  blood  or  extracts  of  many  invertebrates,  but  not  necessarily 
in  solutions  of  protein  substances  such  as  egg  albimien,  peptone,  etc. 
In  saliva  there  is  something  giving  a  very  faint  light  and  something  in 
urine  giving  a  fairly  bright  light  with  photogenin.  Certain  fluids  tried 
were  sufficiently  acid  to  prevent  the  appearance  of  light  and  some 
fortuitous  characteristic,  such  as  acidity,  may  explain  why  extracts  of 
some  invertebrates  give  no  light  with  photogenin. 

It  is  hardly  worth  inquiring  into  the  nature  of  the  substances  in  each 
particular  extract  which  may  for  convenience  be  collectively  spoken 
of  as  photophelein,  since  I  have  found  a  great  many  simple  bodies 
which,  mixed  with  concentrated  photogenin  in  powder  or  crystal  form, 
give  rise  to  a  bright  light.  With  more  dilute  solutions  (one  Cypridina 
to  10  c.c.)  no  light  appears.  These  substances  include  sodimn  glyco- 
cholate,  sodimn  taurocholate,  thymol,  chlorofonn,  hydrochinon,  NaCl, 
butyl  alcohol,  saponin,  oleic  acid,  ether,  benzol,  atropin,  pilocarpin, 
and  ortol.  Chlond  hydrate,  pyrocatechin,  FeSO*,  MgS04,  (NH4)iS04, 
esculin,  dextrine,  and  K4Fe(CN)6  gave  a  fainter  light,  while  saccharose 
gave  none. 

It  is  difficult  to  see  in  just  what  way  all  these  diverse  substances  act. 
One  is  inclined  to  compare  the  production  of  light  by  chlorofonn  or 
saponin  to  a  process  of  cytolysis  or  to  a  stimulus  reaction  like  artificial 
parthenogenesis.  The  photophelein  of  Cypridina  or  other  extracts 
would  then  be  comparable  to  the  cytolytic  substance  in  the  blood  of 
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wonns  which  causes  developiDent  of  sea-urohin  eggs  (ii).  The  chloro- 
f onn  or  saponin  might  be  supposed  to  cause  the  solution  of  granules  or 
globules  (as  can  be  observed  in  many  cdls)  and  the  production  of 
light  to  be  connected  with  this  solution  process.  But  I  have  already 
given  evidence  (p.  178)  to  show  that  th^e  are  no  granules  unless  ultra- 
microscopic  ones  in  the  lightHsecretion  of  Cypridina,  so  that  we  must 
look  to  another  interpretation. 

Of  many  animal  extracts  tried  on  both  ccHicentrated  and  dilute 
photophelein,  none  will  give  light.  Neither  have  I  been  able  to  obtain 
light  with  any  chemicals  or  the  oxidizing  substances — neutral  HsQii 
BaOt,  ox  blood  alone  or  with  neutral  HsQi  added,  neutral  potato  juice 
alone  or  with  neutral  HA,  KMn04,  KiCrjOy,  FeCU,  or  K4Fe(CN)«. 
As  already  pointed  out  (p.  177),  this  result  is  the  direct  opposite  of  the 
case  in  Pholaa  dadylue  as  described  by  Dubois. 

There  is,  then,  in  the  non-luminous  parts  of  Cypridina  hUgendorfii  a 
large  amount  of  photophelein,  but  only  a  small  amoimt  even  in  a  closely 
related  non-luminous  form.  There  appear  to  be  only  small  amounts 
in  other  luminous  forms  not  closely  related  to  Cypridina.  For  instance, 
Cypridina  photogenin  will  give  a  faint  light  with  firefly  photophelein,  but 
it  is  not  nearly  so  bright  as  with  Cypridina  photophelein  nor  as  bri^t 
as  that  given  by  non-luminous  Lepas  extract.  Unfortunately,  no  closely 
related  luminous  crustacean  was  available,  so  that  the  degree  of  speci- 
ficity of  photogenin  and  photophelein  could  not  be  determined.  At 
least  we  may  say  that  Cypridina  photogenin  and  photophelein  are 
specific  to  a  certsdn  extent,  but  not  in  the  strict  sense  of  the  word. 

The  following  tabulation  gives  the  luminous  animals  which  have 
been  tried  with  Cypridina  in  concentrated  soluti(m  and  the  character 
of  the  light  resulting.    None  gives  light  in  more  dilute  solution. 

Cypridina  photophelein  Xfirefly  photogenin Faint. 

Firefly  photophelein  XCypridina  photogenin Faint. 

Firefly   photophelein  Xfirefly  photogenin Bright. 

Cypridina  photophelein^  XCopemularia  photogenin Fair. 

Cavemtdaria  photophelein  XCypridina  photogenin Negative. 

Caoemularia  photophelein  XCaoemidaria  photogenin Negative. 

Cypridina  photophelein  XNodiktca  photogenin* Faint. 

Noetiluea  photophelein'  XCypridina  photogenin Faint. 

Noctihtca  photoph^ein'  XNodUuca  photogenin Negative. 

Owing  to  lack  of  material,  the  luminous  fish  Manocentris  japonica 
could  be  tested  only  in  more  dilute  solutions,  and  with  n^ative 
results,  vis: 

Cypridina  photophelein  XMonocentris  photogenin Negative. 

Monocenifia  photophelein  XCypridina  photogenin Negative. 

Monoceniria  photophelein  XMonocentri$  photogenin Negative. 

^An  extract  prepared  with  sea-water,  as  the  dark  juice  of  CavemtUaria  gives  a  brilliant  lii^t 
with  fresh  water. 

'All  the  Noetiluea  extracts  were  made  with  n/1000  NH«OH  to  neutralise  the  add  of  the  Noetiluea 
vacuoles. 
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DIALYSIS. 

Fhotophelein  will  dialyze  through  heavy  parchment  and  collodion 
fairly  readily,  in  the  case  of  collodion  sometimes  appearing  in  the  dialy- 
aate  in  the  course  of  2  hours. 

Photogenin  dialyses  with  difficulty  and  with  some  collodion  tubes 
not  after  a  period  of  36  hours.  In  others  a  very  slight  amount  will 
pass  in  that  time  and  in  one  experiment  with  heavy  parchment  paper 
a  very  slight  dialysis  occurred  in  12  hours,  but  usually  there  was  none. 
The  collodion  tubes  and  the  paper  did  not  leak  in  any  of  the  experi- 
ments recorded. 

ADSORPTION. 

Both  photophelein  and  photogenin  are  removed  from  solution  by 
washed  boneblack  and  washed  freshly  precipitated  Fe(OH)s.  To  serve 
as  control  the  last  washings  from  boneblack  and  Fe(OH)s  were  added 
to  photogenin  and  photophelein  and  tested  with  photophelein  and 
photogenin,  respectively,  to  make  sure  that  the  adsorption  was  not 
apparent  and  due  to  destruction  by  foreign  substances  from  the  adsorb- 
ing media. 

TEMPERATURE. 

Lund  (s)  finds  that  in  Cypridina  sqtuiinosa  (?)  and  Cydopina  gracilis 
the  light  from  the  luminous  secretion  disappears  at  50^  and  if  heated 
above  50^  (as  high  as  70^  but  not  above)  it  will  again  reappear  at  50^. 
The  tone  factor  is  always  involved  in  deterauning  the  critical  points  in 
the  ^ects  of  temperature,  and  I  find  that  the  concentration  of  the 
fil^t-produdng  substances  is  also  involved.  Therefore  the  exact  tem- 
perature of  destruction  of  photephelein  and  photogenin  depends  upon 
their  concentration  and  the  time  of  heating.  I  find  that  cypridinas 
dried  over  CaCls,  ground,  and  the  powder  suspended  in  sea-water  give 
a  beautiful  light  which  disappears  when  heated  to  56^,  but  returns  on 
cooling.  If  heated  to  65^  and  cooled,  the  light  also  returns,  but  does 
not  return  if  heated  to  70^  and  then  cooled.  A  very  concentrated 
mixture  of  photogenin  and  photophdein  may  be  heated  above  70^  and 
whole  cypridinas  heated  to  boiling  will  occasionally  give  a  faint  light 
when  cooled.  The  light  from  the  normal  secretion  of  Cypridina  dis- 
appears at  52^  to  54^,  and  returns  on  cooling,  so  that  we  may  r^ard  this 
as  the  inhibition  temperature  and  something  above  70^,  depending  on 
the  concentration,  as  the  destruction  temperature.  These  results  are 
in  good  agreement  with  those  of  Lund. 

The  time  necessary  to  destroy  photophelein  at  100^  depends  also 
upon  its  concentration.  In  dilute  solution  (1  Cypridina  to  25  or  50  c.c. 
water)  boiling  for  1  minute  is  sufficient,  but  in  concentrated  solution 
(1  Cypridina  to  1  c.c.  water)  5  minutes'  boiling  is  necessary. 

In  Pholas  daetylus  (s)  i^tophelein  (hioiferin)  is  destroyed  above  70^, 
idio-eas  in  the  firefly  (both  Phaturis  and  Luciola)  it  may  be  boiled  for 
10  minutes  without  destruction. 
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The  luminous  material  of  Cypridina,  like  that  of  most  luminous 
organisms,  is  unaffected  by  cold  and  will  glow  brilliantly  at  0^  C. 

STABIUTY. 

Cypridina  photogenin  is  much  more  stabile  than  photophelein.  The 
time  after  preparation  that  one  can  obtain  light  from  these  substances 
depends  largely  upon  their  concentration,  as  also  upon  the  temperature. 
One  sample  of  concentrated  (1  Cypridina  to  2  c.c.)  photogenin  gave 
light  with  fresh  photophelein  for  7  days  at  20^,  despite  the  fact  that 
decomposition  had  taken  place  and  the  liquid  smelled  foul.  Dilute 
photogenin  (1  Cypridina  to  50  c.c.)  may  lose  its  power  in  1  day;  very 
dilute  photogenin  (1  Cypridina  to  12,500  c.c.)  in  less  than  2  hours. 

Cypridina  photophelein  also  disappears  from  solution  spontaneously, 
and  ^e  more  dilute  the  solution  the  more  quickly  does  it  lose  its  power 
to  phosphoresce.  With  one  Cypridina  to  25  c.c.  the  power  disappears 
in  3  to  4  hours,  while  with  1  Cypridina  to  1  c.c.  it  may  last  for  5  days 
at  26°  to  28**  C. 

The  decomposition  occurs  whether  the  solution  be  neutral,  acid 
(n/8000  HCl),  or  alkahne  (n/4000  NaOH),  in  pure-water  or  sea-water, 
in  the  light  and  also  in  amber  bottles,  and  occiurs  even  if  the  i)hoto- 
phelein  be  thoroughly  boiled  to  destroy  all  traces  of  photogenin  which 
might  slowly  use  up  the  photophelein  without  light-production  (see 
p.  189). 

The  photophelein  is  apparently  oxidized,  as  the  destruction  is  not 
so  rapid  in  absence  of  oxygen. 

Table  4. — Effect  of  preservatives  on  photophelein. 


Saturation  with — 

Teeted  with  photogenin  af  tei^- 

5  minutes. 

1  hour. 

1  day. 

2  days. 

Ether 

Bright  light.... 
Bright  light.... 
Bright  light.... 
Brii^t  light.... 
Bright  light.... 

Negative 

Very,  very  faint . 

Very  faint 

Faint 

Negative.. 
Negative. . 
Negative . . 
Negative. . 
Faint* 

Negative. 
Negative. 
Negative. 
Negative. 
Negative. 

Benaol 

Chlorofonn .... 

Thjnnol 

Control 

Bright  light 

*Often  photophelein  will  not  last  for  one  day. 
PRESERVATIVES  AND  ANESTHETICS, 

The  addition  of  preservatives  (anesthetics),  as  chloroform,  ether, 
benzol,  and  thymol,  is  to  hasten  the  spontaneous  destruction  of  the 
photophelein  and  to  preserve  the  photogenin. 

Ether  is  especially  destructive  to  the  photophelein,  whereas  photo- 
genin will  give  light  after  saturation  with  ether  for  22  days.  Tabids  4 
and  5  show  the  e£fect  of  satiuration  of  solutions  (1  Cypridina  to  25  c.c.) 
of  photophelein  and  photogenin  with  the  four  substances. 
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The  hannlessness  of  the  above  anesthetics  for  Cypridina  photogemn 
18  unusual}  as  Dubois  found  a  marked  destructive  action  on  Pholas 
photogenin  (luciferase)  and  I  have  noted  the  same  thing  for  the  firefly. 

As  we  have  just  seen,  the  addition  of  certain  anesthetics  does  not 
rapidly  destroy  photophelein  or  photogenin.  We  can  satiurate  a  phos- 
phorescent mixture  of  the  two  with  ether  and  the  light  will  still  last 
for  some  time.  If  we  add  butyl  alcohol  to  saturation  the  light  disap- 
pears, and  if  the  solution  is  now  diluted  with  water  or  sea-water,  the 
li^t  reappears.  The  same  phenomenon  is  observed  if  the  photogenin 
be  filtered  through  a  Chamberkmd  porcelain  filter  to  remove  all  traces 
of  cells  or  cell  fragments.  Care  was  taken  to  make  sure  that  the  return 
of  light  was  not  due  to  fluid  adherent  to  the  sides  of  the  test-tube  and 
untouched  by  the  butyl  alcohol. 

Table  6. — Effect  of  preservalioes  on  photogenin. 


Saturation  with — 

Tested  with  photophelein  after — 

1  day. 

2  days. 

7  days. 

22  days. 

50  days. 

130  days. 

Ether 

Bright. .  . 
Bright... 
Bright. . . 
Bright. . . 
Bright.  . . 

Bright. . . 
Bright. . . 
Bright. . . 
Bright. . . 
Faint 

Faint 

Bright. . . . 

Bright 

Faint 

Negative. 

Very  faint. 
Negative. 

Bright 

Faint 

Negative. 

Bright. . . . 
Negative. 

Negative. 

Benaol 

Chlofof oiin 

Thymol 

Control 

A  similar  phenomenon  is  observed  with  ethyl  alcohol  and  acetone. 
If  we  add  in  small  amounts  absolute  ethyl  alcohol  to  a  glowing  mixture 
of  photogenin  and  photophelein,  the  light  becomes  very  dim  when 
16  per  cent  alcohol  has  been  added  and  disappears  with  20  per  cent 
alcohol.  If  now  the  mixture  be  diluted,  the  Ught  retiuns.  Acetone^ 
bdiaves  as  alcohol.  About  23  per  cent  is  necessary  for  extinction  of 
the  lis^t.    Satiuration  with  chloretone  does  not  extinguish  the  light. 

The  effect  of  ethyl  alcohol  and  acetone  might  be  explained  as  the 
^ect  of  precipitation,  because  of  insolubility  in  the  20  per  cent  solu- 
tion, but  we  can  not  so  explain  the  extinction  of  the  light  by  butyl 
alcohol  and  subsequent  recovery  on  dilution,  since  butyl  alcohol  is  only 
soluble  to  the  extent  of  8.3  parts  in  100  parts  of  water.  We  are  dealing 
with  a  higihly  interesting  effect — one  akin  to  anesthesia — a  reversible 
inhibition,  not  of  a  cell  or  cell  fragments,  but  of  a  solution.  Filtration 
throui^  porous  porcelain  shows  that  no  cell  fragments  can  be  present. 
I  can  not  here  enter  more  fully  into  a  discussion  of  this  interesting 
phenomenon,  whose  bearing  on  anesthesia  is  obvious,  except  to  point 
out  that  if  we  can  anesthetize  a  solution  we  need  not,  as  some  recent 
theories  have  done,  regard  changes  in  the  cell-membrane  to  be  neces- 
suily  the  ultimate  cause  of  anesthesia. 

It  may  be  pointed  out  in  passing  that  the  production  of  light  gives 
us  the  opportunity  of  observing  the  effect  of,  let  us  say,  an  anesthetic 

The  sample  of  aoetone  at  hand  was  not  particularly  pure. 
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or  temperature  upon  a  process  at  any  particular  instant,  rarely  ob- 
tained in  the  study  of  enzyme  action  or  even  of  cell  action,  except 
where  some  movement  is  affected.  For  instance,  we  can  heat  p^mn 
to  60^  and  then  cool  it  and  see  if  it  will  digest  protein.  If  we  find  that 
it  will  digest  protein,  that  gives  us  no  information  as  to  a  reversible 
inhibition  at  60^,  an  inhibition  which  might  become  non-reversible  if 
we  kept  the  pepsin  at  60^  long  enough  to  test  directly  the  power  (rf 
digestion.  We  can,  however,  heat  photogenin  and  photophelein  to  00^, 
cool  them,  and  find  out  inmiediately  if  they  give  light. 

PROTEIN  PRECIPITANTS. 

The  light  disappears  in  a  phosphorescent  mixture  of  photogenin  and 
photophelein  when  the  following  substances  are  added  to  the  concen- 
trations indicated:  tannin — m/2500  to  m/5000;  phosphotungstic  acid — 
m/2500  to  m/5000;  picric  acid — m/500,  assuming  a  saturated  water 
solution  to  be  1.03  per  cent  or  m/22. 

Table  6. — Effect  of  acidt  and  aUcaUes  an  lighl'praducti4m. 


Concentration  in  mixture. 

Character  of  lif^t. 

n/250NaOH 

Instantly  diaappears. 

Inatantly  fair,  lasting  >5  minutes. 
Instantly  disappears. 
Remains  good  >5  minutes. 

n/500NaOH 

n/lOOONaOH 

n/2000NaOH 

n/4000NaOH 

n/8000NaOH 

Control 

n/2000HCl 

n/4000HCl 

n/8000HCl 

A  peculiar  phenomenon  observed  with  phosphotungstic  and  tannic 
acids  but  not  with  picric  acid  is  that,  at  the  lower  limit  of  extinctioui 
the  light  reappears  after  first  disappearing  and  more  acid  must  be  added 
in  order  to  extinguish  it  again.  Care  was  taken  to  make  sure  that  the 
phenomenon  was  not  due  to  more  perfect  adaptation  of  the  eyes  to  the 
dark.  When  the  light  is  extinguished  by  dilute  picric  acid  it  will 
reappear  again  on  dilution  with  water. 

ACIDS  AND  ALKALIES. 

The  effect  of  acids  (HCl)  and  alkalies  (NaOH)  can  be  seen  by  adding 
1  c.c.  of  the  acid  (or  alkali)  of  a  definite  concentration  to  1  c.c.  of  a 
glowing  mixture  of  photogenin  and  photophelein.  The  concentration 
of  the  acid  or  alkali  in  the  mixture  will  thus  be  one-half  of  the  concen- 
tration added.    The  results  are  given  in  table  6. 

The  effect  of  acid  (HCl)  and  alkali  (NaOH)  was  also  studied  in  the 
following  way:  1  c.c.  fairly  dilute  (1  Cypridina  to  10  c.c.)  photophelm 
was  mixed  with  1  c.c.  n/500  HCl,  allowed  to  stand  1  hour  and  then 
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neutralised  by  adding  an  equal  volume  of  n/1000  NaOH  and  tested 
for  li^t  by  adding  photog^iin.  The  photophelein  was  therefore  in 
contact  with  n/1000  HCl  for  1  hour.  In  this  way  the  efifect  of  acid 
on  pbotogenin  and  photophelein  can  be  separated.  The  results  are 
given  in  table  7. 

Table  7. — Effect  of  acid  and  alkali  on  photophelein  and  photogenin. 


ConoentratioD  of 
acid  and  alkali. 

Effect  on  photophelein 

neutralised  after  1 

hour  and  photogenin 

added. 

Effect  on  photogenin 

neutralised  after  1 

hour  and  photophelein 

added. 

Concentration  of  HCl: 

n/1000 

Negative 

Negative. 
Negative. 
Very  faint. 
Bright. 
Bright. 

Negative. 

Negative. 

Negative. 

Faint. 

Fair. 

Fair. 

Fair. 

n/^000 

Very  faint 

n/4000 

Bright 

n/8000 

Bright 

Control  in  water 

Concentration  of  NaOH: 
n/31 

Bright 

Faint 

"•/ »'".... 

n/62 

Faint 

n/125 

Faint   ... 

n/250 

Faint 

n/500 

Faint 

n/1000 

Faint 

Control  in  water 

Good,  faint ,  . 

Even  very  small  concentrations  of  NaOH  added  to  a  glowing  mixture 
of  photogenin  and  photophelein  will  decrease  greatly  the  amoimt  of 
light  (table  6) .  Thus  if  we  add  1  c.c.  n/500  NaOH  to  1  c.c.  of  a  brightly 
glowing  mixture,  making  the  concentration  of  NaOH  n/1000,  the  light 
instantly  becomes  very  dim  and  remains  so  for  a  considerable  time.  If 
NaOH  be  added  to  a  concentration  of  n/250,  the  light  disappears  com- 
pletely; if  we  now  neutralize  the  NaOH  with  n/250  HCl,  the  Ught 
returns,  faint. 

Still  smaller  concentrations  of  HCl  prevent  light-production.  Thus 
(table  6)  n/2000  HCl  extinguishes  the  light  from  a  luminous  mixture, 
but  on  neutralization  with  n/2000  NaOH,  the  light  returns  and  is 
fairly  bright.  The  effect  of  NaOH  and  HCl  is  therefore  to  inhibit 
light-production,  and  not  to  immediately  destroy  the  photogenin  and 
photophelein  (tables  6  and  7).  The  reversibility  is  not  apparent  if 
the  acid  or  alkali  are  only  slightly  stronger  than  the  values  given. 
(Note  also  from  table  7  that  the  photogenin  is  more  readily  affected 
by  HCl  and  especially  by  NaOH  than  the  photophelein.) 

In  the  case  of  acid  and  alkali,  as  with  so  many  other  substances  on 
the  light-giving  material,  the  ^ect  is  to  an  extent  reversible  if  the 
substance  is  removed.  The  concentration  of  HCl  which  inhibits  light- 
production  18  the  same  as  that  affecting  cells,  although  the  concentra- 
tion of  NaOH  necessary  to  inhibit  light-production  is  somewhat  greater 
than  that  necessary  to  affect  cells  (12  and  13). 
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POTASSIUM  CYANIDE. 

The  effect  of  KCN  is  of  especial  interest  because  of  its  power  of 
inhibiting  cell  oxidations.  It  was  tested  by  mixing  an  equal  volume 
of  photogenin  (1  Cypridina  to  25  c.c.)  with  the  KCN  solution,  and 
testing  with  an  equal  volmne  of  photophelein  (1  Cypridina  to  12  c.c.) 
after  10  minutes  and  after  1  hour.    Table  8  gives  the  results. 

Table  S.— Effect  of  KCN  on  light-produdian. 


Conoenlrmtion  of 

KCN  in  photogenin 

solution. 

lifhtwith 

photophelein 

after  10  minutee. 

Lichtwith 
photophelein 
after  1  hour. 

n/20 

Fair. 

Fair 

Fair. 
Fair. 
Bright. 

n/30 

n/126 

Fair 

n/260 

Priiih*   . 

*^"  "O""  " 

In  Cypridinay  as  in  all  other  luminous  animals  which  have  been 
tried  {Cavemularia^  Nodiluca  (2),  firefly,  luminous  bacteria),  KCN  is 
practically  without  influence  on  light-production.  Cavernidaria  juicei 
for  instance,  will  Ught  for  over  90  minutes  in  n/40  KCN.  On  the 
other  hand,  n/1280  KCN  is  sufficient  to  completely  inhibit  the  oxy- 
luminescence  of  pyrogallol  by  the  vegetable  oxidases  (see  p.  230). 

SATURATION  WITH  SUGAR.  (NH4)iS0«.  AND  NaQ. 

Saturation  of  a  luminous  mixture  of  photogenin  and  photophelein 
with  sugar  or  NaCl  causes  the  light  to  disappear  and  it  reappears  on 
dilution  of  the  mixture  with  water. 

Since  the  (NH4)2S04  used  was  acid,  a  small  amount  of  this  salt  caused 
the  light  to  disappear  and  it  did  not  reappear  on  dilution  of  the  mixture 
with  water. 

Probably  these  phenomena  are  connected  with  the  salting-out  of  the 
luminous  substances,  although  no  signs  of  a  precipitate  are  visible  when 
the  natural  secretion  of  Cypridina  is  saturated  with  NaCl  or  (NH4)sS04. 
As  already  pointed  out,  this  result  is  no  doubt  due  to  the  small  concen- 
trations of  the  substances  present. 

CONCENTRATION  OF  PHOTOGENIN  AND  PHOTOPHELEIN  IN  CYPRIDINA, 

In  the  normal  secretion  of  Cypridina  there  is  more  photogenin  than 
photophelein,  as  may  be  seen  by  adding  fresh  photophelein  to  the 
normal  secretion  after  the  light  has  disappeared  on  standing.  The 
lig^t  again  appears.  The  photophelein  had  been  completely  used  up. 
This  may  be  shown  in  another  way  by  allowing  a  concentrated  mixture 
of  photogenin  and  photophelein  to  stand  until  the  light  disappears,  and 
then  boiling  one-half  of  the  mixture.  Upon  mixing  the  two  halves  no 
light  results,  as  all  the  photophelein  had  been  used  up  before  the  photo- 
genin was  destroyed  in  the  tube  boiled. 
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The  concentrations  of  the  two  substances  which  will  give  visible 
light  when  mixed  are  very  small.  In  one  experiment  performed  15  min- 
utes^ after  the  photophelein  was  obtained,  1  Cypridina  in  25,600  c.c. 
of  water  gave  a  just-visible  light  when  mixed  with  an  equal  voliune  of 
more  concentrated  photogenio.  The  photogenin  from  1  Cypridina  in 
25,600  c.c.  of  water  will  also  just  give  visible  light  when  mixed  with  an 
equal  volume  of  more  concentrated  photophelein. 

We  can  see  how  small  an  amount  of  photogenin  will  give  light  when 
we  consider  that  the  annual  is  about  3.5  by  2.5  by  1.5  mm.  and  that 
the  luminous  gland  is  more  or  less  of  a  cylinder  0.64  mm.  high  by 
0.24  mm.  diameter,  with  a  volume  of  about  0.03  mm.  or  0.00003  cm. 
and  that  1  luminous  gland  in  25,600  c.c.  water  will  give  visible  light 
when  mixed  with  an  equal  volume  of  photophelein,  or  in  a  concentra- 
tion of  51,200  c.c.  Hence  1  part  of  gland  in  about  1,700,000,000  parts 
of  water  will  give  visible  light  upon  the  addition  of  photophelein. 
Even  this  is  a  low  estimate,  as  we  do  not  know  what  the  concentration 
of  the  photogenio  is  in  the  gland  itself. 

When  we  compare  the  amount  of  photogenin  which  can  be  detected 
by  light-production  with  the  amount  of  substances  detectable  by  chem- 
ical means,  we  see  how  extraordinarily  sensitive  the  light-reaction  is. 
AgCl  is  soluble  in  water  to  the  extent  of  1  part  in  625,000  parts  water 
at  20^  (i4),  so  that  more  chloride  than  this  must  be  present  to  be 
detected  by  AgNQg,  a  very  delicate  reaction.  KMn04  is  rougjbly  just 
distinguishable  by  its  color  in  a  14  mm.  test-tube  in  a  concentration 
of  1  to  1,250,000. 

Biological  reactions  are,  generally  speaking,  more  delicate  than 
inorganic  reactions.  Zinc  in  traces  has  a  favorable  iofluence  on  the 
growth  of  molds  and  1  to  25,000,000  will  increase  the  weight  of  a  crop 
of  Aspergillus  by  50  per  cent  (is).  Copper  will  kill  Spirogyra  in 
1  minute  when  present  in  1  to  77,000,000  concentration  (is).  Accord- 
ing to  Kastle  (is),  blood  in  1  to  80,000,000  can  be  recogniaed  by  the 
phmolphthalein  reaction.  Since  tUs  reaction  is  due  to  hemoglobin, 
of  which  blood  contains  about  10  per  cent,  the  hem<^obin  can  be 
recognized  in  1  to  800,000,000  concentration.  These  figures  give  an 
idea  of  the  delicacy  of  the  photogenin-photophelein  reaction  as  com- 
pared with  others.  It  should  be  borne  in  mind  that  pyrogallol  in 
1  to  254,000  will  give  visiUe  light  with  potato-juice  and  HtO^  (see 
p.  225). 

IS  PHOTOGENIN  USED  UP  IN  LIGHT-PRODUCTION  WITH  PHOTOPHELEIN? 

The  exceedingly  small  concentration  of  light  substances  which  give 
visible  light  suggests  that  one  or  both  are  of  enzyme  nature,  as  Dubois 
supposes.    Hiere  are  two  ways  of  testing  this  question.    One  is  to 

>Tbe  ezpeffiment  was  perfonned  as  quickly  as  possible,  because  the  photophelein  disappears  on 
standing. 
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detennine  whether  a  small  concentration  of  photogenin  can  use  up  a 
large  concentration  of  photophelein,  providing  a  sufficiently  long  time 
is  allowed.  We  can  not  use  this  method,  because  photophelein  decom- 
poses spontaneously. 

Anotiier  way  is  to  determine  if  a  small  amount  of  photogenin  can 
decompose  successively  added  amounts  of  photophelein  without  itself 
imdergoing  diminution.  This  method  is  not  unequivocal,  since  m^ny 
true  enzymes  are  paralyzed  or  destroyed  by  the  decomposition  prod- 
ucts of  the  reaction  which  they  accelerate. 

It  was  found  that  if  we  add  to  1  c.c.  of  a  weak  (1  Cypridina  to  50  c.c.) 
solution  of  photogenin,  successive  1  c.c.  additions  of  a  concentrated 
(1  Cypridina  to  2  c.c.)  solution  of  photophelein  as  soon  as  the  lightfrom 
the  preceding  addition  has  disappeared,  after  four  1  c.c.  additions  no 
more  light  will  appear.  The  photogenin  is  therefore  used  up  and  can 
not  oxidize  additional  photophelein,  although  there  is  plenty  of  photo- 
phelein present,  as  may  be  shown  by  adding  fresh  photogenin,  when  a 
good  light  appears.  With  each  successive  addition  of  concentrated 
photophelein,  the  light,  which  at  first  is  very  bright  and  lasts  about  an 
hoiur,  becomes  less  brilliant  and  lasts  a  shorter  time.  This  is  not  due 
to  mere  dilution  of  the  dilute  photogenin,  as  we  can  dilute  the  dilute 
photogenin  to  the  same  volume  with  water  and  then  upon  the  addition 
of  photophelein  a  good  light  results.  We  can  conclude  only  that, 
although  photogenin  can  use  up  a  large  amount  of  photophelein,  it 
is  itself  changed  in  some  way  in  the  reaction  and  disappears*  We  can 
not  say  how  much  photophelein  will  combine  with  a  definite  quantity 
of  photogenin,  because  we  do  not  know  the  absolute  amount  of  these 
substances  in  a  single  Cypridina.  In  the  above  experiment  we  added 
a  concentration  of  photophelein  from  one  Cypridina  100  times  (i.  e., 
four  additions  each  25  times  more  concentrated)  that  of  the  photogenin 
from  one  Cypridina. 

Although  the  evidence  goes  to  show  that  the  photogenin  is  used  up, 
it  is  not  nearly  so  rapidly  used  up  as  is  the  oxidase  of  potato  in  the 
production  of  light  from  pyrogallol  (see  p.  231).  We  must  remember 
also  that  certain  enzymes,  as  zymase  (thermolabile  and  non-dialyzable), 
are  only  active  in  presence  of  a  coenzyme  which  is  not  destroyed  by 
heat  and  is  easily  dialyzable.  In  fact,  the  photogenin-photophelein 
system  resembles  to  a  very  remarkable  degree  the  zymase-cozymase 
system.  There  is  the  same  quantitative  relation  between  zymase  and 
cozymase  as  between  photogenin  and  photophelein.  If  zymase  is 
present  in  excess,  the  coenzyme  is  all  used  up;  if  cozymase  is  in  excess 
then  the  zymase  is  used  up  (i7).  Nevertheless,  however  much  photo- 
genin resembles  cozymase,  I  have  for  the  present  deemed  it  best  to 
avoid  the  termination  ase.  In  absence  of  more  definite  knowledge  we 
may  provisionally  regard  photogenin  as  a  substance  auto-oxidizable 
only  in  presence  of  photophelein. 
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If  we  try  the  reverse  experiment,  that  of  adding  1  c.c.  of  concen- 
trated (1  Cypridina  to  2  c.c.)  photogenin  to  1  c.c.  of  dilute  (1  Cypridina 
to  50  c.c.)  photopheleini  a  bright  light  appears  lasting  10  to  15  seconds 
and  no  more  light  upon  adding  additional  concentrated  photogenin. 
As  might  be  expected,  the  small  amount  of  photophelein  is  very  rapidly 
used  up  by  the  large  amount  of  photogenin. 

The  quantitative  relations  between  concentration  of  photophelein 
and  photogenin,  dxuution  of  light,  and  brightness  of  light  will  be  con- 
sidered in  a  subsequent  paper. 

SUMMARY  OF  RESULTS  FROM  CYPRIDINA. 

1.  The  luminous  secretion  of  Cypridina  comes  from  several  spindle- 
shaped  yellow  gland-cells  on  the  upper  lip  and  is  extruded  to  the  sea- 
water  as  a  perfectly  clear  granule-free  non-fluoresc^it  secretion.  The 
light  is  homogeneous  and  bluish  white  in  color. 

2.  If  the  luminous  secretion  stands,  the  light  disappears,  and  if  we 
now  add  an  extract  of  cypridinas  heated  to  boiling,  the  light  again 
returns — t.  e.,  Cypridina  gives  a  luciferin-luciferase  reaction  similar 
to  Pholas  dactylus,  as  described  by  Dubois. 

3*  Contrary  to  Dubois's  theory,  the  luciferase  is  the  source  of  the 
light,  and  not  an  enzyme  causing  light-production  by  oxidation  of 
ludf erin,  because  we  can  obtain  light  from  luciferase  by  substances 
incapabte  of  oxidation  (NaCl,  chloroform,  ether,  etc.) .  The  new  names 
of  photogenin  or  light-producer  for  luciferase  and  photophelein  or 
lil^t-assLster  for  luciferin  have  therefore  been  proposed. 

4.  Oxygen  is  necessary  for  lii^t-production. 

5.  Both  photogenin  and  photophelein  will  pass  a  Pasteur-Ghamber- 
land  or  Berkefeld  filter  easily. 

6.  Photophelein  dialyzes  readily  through  heavy  parchment  or  collo- 
dion, photogenin  with  great  difficulty  or  not  at  all,  even  after  a  period 
of  36  hours. 

7.  Both  photogenin  and  photophelein  are  adsorbed  by  boneblack 
and  Fe(OH)t. 

8.  The  l^t-producing  substances  may  be  dried  and  thorougjbly 
extracted  with  ether  without  impairing  their  light-giving  power. 

9.  Chemical  tests  on  the  natural  light-secretion  give  negative  results, 
since  a  very  small  amount  of  light-substance  gives  a  bright  light  and 
at  least  1  part  of  photogenin  or  photophelein  in  1,700,000,000  parts 
water  will  give  a  visible  light. 

10.  Photophelein  occxu^  throughout  the  body  of  Cypridina^  photo- 
genin only  in  the  luminous  organ.  Photophelein  from  non-luminous 
parts  disappears  (apart  from  photogenin)  on  standing,  but  not  so 
readily  if  the  extract  has  been  boiled  or  in  the  absence  of  oxygen.  In 
the  6ieAy  and  some  non-luminous  beetles  the  photophelein  disappears 
so  quickly  that  it  is  best  to  make  the  extract  with  boiling  water.    In 
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a  non-huninous  species  of  Cypridina  a  photopheldn  occurs  in  smiUl 
quantity  with  properties  similar  to  that  in  Cypridina  hilgendarfii. 

11.  Photophelein  occurs  in  extracts  (both  boiled  and  unboiled)  of 
many  non-luminous  organisms,  in  greatest  quantity  in  Lepas  anaUfera. 
The  photophelein  of  Lepas  anatifera  does  not  disappear  on  standing. 

12.  Pure  protein  solutions  (peptone,  Na  nucleoproteinate,  albumen, 
etc.)  or  dried  mammalian  blood  do  not  contain  photophelein,  but  urine 
contains  a  similar  body. 

13.  While  photogenin  will  give  light  with  many  substances  known 
and  \mknown,  photophelein  will  give  light  only  with  the  photogenin 
of  luminous  organs. 

14.  Cypridina  photogenin  will  give  no  brighter  light  with  extracts 
(photophelein)  of  other  luminous  forms  (Luciola,  Cavemularia,  NocU- 
luca)  than  with  extracts  of  non-luminous  forms,  and  Luciola  photo- 
genin will  not  give  so  bright  a  light  with  Cypridina  photophelein  as 
with  boiled  extracts  of  non-luminous  insects.  We  must  conclude  that 
the  two  substances  are  not  cpecific  for  luminous  forms,  althou^  tl^re 
is  a  certain  amount  of  cpecificity,  for  photogenin  gives  the  best  light 
with  photophelein  from  the  same  species. 

15.  Bright  light  can  be  formed  by  Cypridina  at  0^  C.  Photogenin 
is  destroyed  above  70^,  the  temperatm^  and  time  depending  on  the 
concentration;  photophelein  only  after  several  minutes'  boiling,  the 
time  depending  also  on  the  concentration.  The  natural  luminous 
secretion  ceases  to  light  at  52^  to  54^,  but  the  light  returns  on  cooling. 

16.  Photophelein  is  relatively  unstabile  and  disappears  on  standing, 
the  time  depending  on  the  concentration.  Photogenin  is  much  more 
stabile,  but  also  disappears  slowly. 

17.  The  spontaneous  decomposition  of  photophelein  is  retarded 
(perhaps  prevented)  by  lack  of  oxygen,  but  hastened  by  addition  of 
preservatives  (chloroform,  ether,  benzol,  thymol).  Photogenin  can 
be  kept  longer  by  addition  of  preservatives.  One  sample  preserved 
with  chloroform  retained  its  power  to  give  light  with  photophelein  for 
over  56  days  at  room  temperature. 

18.  Saturation  with  ether,  chloroform,  benzol,  thymol,  or  chloretone 
does  not  affect  the  light  from  a  mixture  of  photogenin  and  photo- 
phelein. Saturation  with  butyl  alcohol  or  20  per  cent  ethyl  aclohol 
or  16  per  cent  acetone  extinguishes  the  light,  and  if  the  mixture  is 
diluted  with  water  the  light  reappears.  This  phenomenon  of  anes- 
thesia of  a  solution  is  given  by  photogenin  filtered  through  porous 
porcelain  plus  photophelein  and  difficultly  soluble  butyl  alcohol,  so 
that  it  can  not  be  due  to  the  presence  of  cell  fragments  or  to  insolu- 
bility in  the  20  per  cent  ethyl  alcohol. 

19.  Picric  acid,  tannic  acid,  and  phosphotungstic  acid  extinguish 
the  light  in  very  weak  concentrations,  and  the  light  returns  in  the  case 
of  picric  acid  if  the  solution  is  diluted  with  water.    In  the  case  of 
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tannic  and  phosphotungstic  acids,  the  light  returns  after  first  disap- 
pearing, even  without  diiutmg. 

20.  HQ  between  n/2000  and  n/4000  and  NaOH  between  n/250  and 
n/500  extinguish  the  light,  and  the  effect  is  reversible  upon  neutrali- 
satdon.  It  can  be  shown  that  both  HCl  and  NaOH  affect  the  photo- 
genin  more  readily  than  the  photophelein  and  that  the  effect  of  NaOH 
especially  is  more  readily  reversible. 

21.  KCN  does  not  iiddbit  light-production  even  in  strong  concen- 
tration. 

22.  Saturation  with  (NH4)2S04,  NaCl,  or  cane-sugar  extinguishes 
the  light  most  readily  in  the  order  named,  and  the  effect  is  reversible 
except  in  case  of  (NH4)2S04  (due  to  acidity). 

23.  In  the  natural  secretion  of  Cypridina  or  in  the  whole  animal 
there  is  alwasrs  enough  photogenin  to  completely  use  up  the  photo- 
phelein. The  photogenin  from  one  animal  will  use  up  a  large  addi- 
tional amount  (at  least  100  times  the  concentration  in  one  animal)  of 
photophelein,  but  not  an  indefinite  amount,  so  that  photogenin  is  not 
a  true  enzyme  in  the  strict  sense  of  the  word,  unless  it  be  an  enzyme 
poisoned  by  its  own  reaction  products.  The  photogenin-photophelein 
system  resembles  the  zymase-cozjrmase  system  to  a  remarkable  degree, 
but  it  is  best  for  the  present  to  regard  photogenin  not  as  an  enzjrme  but 
only  as  a  substance  auto-oxidizable  only  in  presence  of  photophelein. 

STUDIES  ON  FIREFLIES. 

EXSICCATION  AND  EXTRACTION  WITH  FAT  SOLVENTS. 

The  experiments  recorded  herein  have  been  made  during  a  period  of 
two  years  on  several  different  species  of  firefly — ^the  American  Photuris 
pennsylvanica  and  Photinus  pyralis,  the  Japanese  Luciola  vitticoUis  and 
L.  parva,  and  the  West  Indian  "cucullo,"  Pyrophoms  noctilucus  and 
P.  havaniensis.  All  the  species  are  essentially  similar  in  behavior,  and 
in  general  the  statements  apply  to  all. 

Contrary  to  the  condition  in  Cypridina,  the  photogenic  substance  is 
burnt  within  the  cell  which  forms  it  and  is  found  there  in  the  form  of 
granules  scattered  through  the  cytoplasm.  The  histological  struc- 
ture of  the  luminous  tissue  has  been  well  described  by  many  observers 
[Townsend  (is),  Lund  (s),  Dahlgren  (i9),  Vogel  (4S),  Bongardt  (44), 
Geipel  (4s),  Williams  (4«)]  and  need  not  be  considered  here. 

The  old  observation  that  firefly  liuninous  tissue  can  be  dried  and 
ground  up  and  will  phosphoresce  when  water  containing  oxygen  is 
again  added,  gives  a  simple  chemical  method  of  investigating  the  nature 
of  the  photogenic  material.  The  dried  material  may  be  extracted  with 
water-free  solvents  (since  the  photogen  does  not  oxidize  in  absence  of 
water)  and  extracted  material  as  well  as  the  residue  from  evaporation 
of  the  filtrate  may  be  tested  for  phosphorescence  by  adding  water. 
Hie  results  indicate  that  a  large  number  of  fat  solvents  will  extract 
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nothing  from  the  dried  tissue  and  leave  the  photogenic  mattfial  un- 
hanned.  Indeed,  the  mattfial  may  be  extracted  with  boiling  ether 
fcNT  24  hours  without  impairing  its  power  to  phosphoresce.  Boiling 
alcohol  does  destroy  the  power  to  phosphoresce,  and  the  nature  of  its 
action  is  discussed  below.  Hiese  results,  as  well  as  the  previous  experi- 
ments of  McDermott  (ao  and  21)  and  Dubois  (21),  using  fresh  watery 
material,  show  conclusively  that  the  photogenic  substance  is  not  a  fat 
or  fat-like  body  of  any  kind.  The  results  are  given  in  table  9,  which 
also  gives  the  time  of  extraction  and  the  temperatm^. 


Table  9. 


Substance. 


Ether  (cold) 

Ether  (hot) 

Chloroform  (oold) 

Chloroform  (hot) 

Ethyl  alcohol  (oold) 

Ethyl  alcohol  (hot) 

Ethyl  alcohol  and  ether  (equal  parts) 

boiling 

Carbon  tetrachloride 

Carbon  disulphide 

Acetone 

Toluol 

Amyl  alcohol 

Ethyl  butyrate 


Temperature 
(in  degrees). 


20 
35 
20 
61 
20 
78.4 

44 

20 
20 
20 
20 
20 
20 


Time 
(in  hours). 


72 
24 
72 
8 
24 
24 

10 

48 
48 
48 
48 
48 
48 


Extracted 
material. 


+ 
+ 


+ 
Very  faint^ 
Very  faint* 


Extract 

evaporated 

in  vacuo. 


^The  material  was  washed  with  ether  to  remove  the  amjd  alcohol  and  ethyl  butsrrate. 

A  plus  sign  indicates  phosphorescence  when  water  is  added  and  a 
minus  sign  indicates  no  phosphorescence.  Both  the  original  extracted 
material  and  the  residue  of  the  filtered  extract  evaporated  to  dryness 
were  examined.  The  results  indicate  not  only  that  the  photogenic 
substance  is  not  a  fat,  but  also  not  a  lecithin.  I  am  aware  that  the 
lecithins  are  difficult  to  extract  in  toto  from  the  cell,  but  this  can  be 
accomplished  by  a  mixture  of  hot  ether  and  alcohol,  and  yet  a  mixture 
of  hot  ether  and  alcohol  will  extract  nothing  which  will  phosphoresce 
from  the  firefly  powder.  We  may  safely  say  that  the  photogen  is 
not  a  lecithin. 

Of  all  the  solvents  tried,  only  hot  alcohol  and  cold  amyl  alcohol  and 
ethyl  butyrate  gave  results  that  would  indicate  a  possible  solution  of 
the  photogenic  substance;  and  yet  there  is  nothing  in  the  evaporated 
filtrate  that  will  phosphoresce  when  water  or  a  neutralized  3  per  cent 
solution  of  H2O2  is  added.  Thinking  that  a  second  substance  might 
be  necessary  and  that  this  had  not  been  extracted  by  the  fat  solvents, 
although  the  photogen  had,  the  filtrate  was  also  tested  by  adding  a 
water  extract  of  firefly  organs,  fresh  or  preserved  with  toluol  or  chloro- 
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form,  and  also  by  potato-juice  which  contains  considerable  quantities 
of  oxidizing  enzymes.  La  no  case  was  phosphoresc^ice  observed. 
The  boiling  ethyl  alcohol/  cold  amyl  alcohol,  and  ethyl  butyrate  must, 
therefore,  break  up  the  photogen.  It  is  the  alcohol  itself  and  not  the 
temperature  (78.4^)  of  boiling  alcohol  which  is  responsible  for  the 
destruction  of  the  photogen,  as  the  dried  powder  will  withstand  this 
temperature  for  24  hours  without  any  appreciable  diminution  in  its 
power  to  phosphoresce.  McDermott  finds  that  liquid  sulphiu-  dioxide 
and  liquid  ammonia  also  destroy  the  photogenic  power  (20). 

EXTRACTION  WITH  AQUEOUS  SOLVENTS  AND  EFFECT  OF  OXYGEN. 

If  the  luminous  tissues  of  the  firefly  are  extracted  with  water  a  solu- 
tion which  still  gives  light  on  filtration  through  filter  paper  is  obtained. 
The  light  lasts  a  certain  time  imd  then  disappears. 

If  the  dried  powdered  luminous  tissues  of  the 
firefly  are  allowed  to  come  in  contact  with  oxygen- 
free  water,  no  light  is  produced,  but  if  we  admit  oxy- 
gen, in  a  jfew  minutes  we  find  the  mixture  becomes 
luminous.  If  we  wait  for  an  hour  or  more  before 
admitting  oxygen,  no  light  is  produced.  The  appa- 
ratus shown  in  figure  1  is  convenient  for  demon- 
strating this. 

The  material  to  be  extracted  is  placed  in  the 
vessel  C  (fig.  1),  provided  with  a  ground-in  stopper 
connected  with  a  120^  stopcock.  The  water  to  be 
rendered  free  of  oxygen  is  placed  in  B  after  passing 
hydrogen  through  stopcock  C  and  closing  it.  B  is 
connected  through  A  with  a  hydrogen  generator. 
The  hydrogen  is  passed  through  potassiiun  hydroxide 
to  remove  acid  and  then  over  a  glowing  platinum 
wire  (in  A)  to  remove  the  last  traces  of  oxygen,  a 
much  better  method  than  passing  the  gas  through 
alkaline  pyrogallol.  By  alternately  exhausting  B 
through  6,  connected  to  an  air-pump,  and  refilling 
with  hydrogen  several  times,  the  water  can  be  quickly 
rendered  free  of  oxygen.  C  is  then  connected  to  B 
through  c  and  one  of  the  arms  of  the  120^  stop- 
cock {d)  whose  other  arm  is  connected  with  an  air-pump.  C  and  the 
arms  of  d  are  then  exhausted.  The  120^  stopcock  is  then  turned  to 
connect  C  and  B  and  c  is  opened,  allowing  the  pressure  of  the  hydrogen 
to  drive  the  solvent  on  the  material  in  C.  The  proper  amoimt  of  fluid 
for  extraction  should  be  placed  in  £,  so  that  the  hydrogen  may  follow 
it  through  and  fill  the  chamber  C    Then  d  is  closed,  when  C  can  be 


\J 


Fio.  1. — ^Apparatucfor 
extraction  of  lumi- 
nous tiMue  in  ab- 
senoe  of  oxygen. 


*Tbe  99.8  per  eent  absolute  alcohol  was  distilled  over  metallic  calcium  and  collected  in  a  receiver 
protaeted  from  the  air  by  CaClt  in  order  to  remove  the  last  traces  of  water. 
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disconnected  and  shaken  during  extraction.  To  filter  the  esctract  it 
is  only  necessary  to  connect  one  of  the  arms  of  d  with  a  desiccator  fit- 
ted with  a  funnel  and  filter  rack.  When  the  desiccator  is  exhausted, 
C  and  the  desiccator  are  connected,  and  the  pressure  of  the  hydrogen 
in  C  drives  the  extract  onto  the  filter  paper.  The  firefly  photogen 
begins  to  phosphoresce  when  the  atmospheric  pressure  reaches  5  to 
6  nmi.,  which  means  an  oxygen  pressure  of  1  to  1.2  mm.  Consequently 
it  is  necessary  to  use  a  good  vacuiun-pimip  and  make  connections 
air-tight.  I  found  small-bore  lead  tubing  sealed  with  IQiotinsky 
cement  the  best  for  the  purpose. 

All  of  my  experiments  have  been  carried  out  in  the  dark  and  the 
material  observed  at  critical  stages  (as  when  the  oxygen-free  water  was 
added)  to  make  sure  that  no  light  appeared,  and  alwasrs  with  negative 
results.  But  to  make  sure  that  no  very  slow  leakage  of  oxygen  into 
the  filtering  chamber  occurred,  I  have  carried  out  the  extraction  in  a 
special  tube  provided  with  a  capillary  sealed  off  during  the  extraction. 
After  extracting  in  this  tube  for  1^  howre  and  admitting  oxygen,  no 
phosphorescence  appeared.  Thinking  that  possibly  the  photogen  dis- 
solved in  the  extracting  fluid  did  phosphoresce,  but  only  so  faintly  as 
to  be  invisible  because  distributed  through  a  relatively  large  volume  of 
extract  fluid,  the  unfiltered  extract  was  evaporated  in  vacuo  to  a  small 
volume.  This  can  be  very  easily  done  by  placing  the  rubber  tube  from 
the  vacuiun-pump  over  the  capillary  onto  the  special  tube,  exhausting, 
and  then  breaking  the  capillary  through  the  walls  of  the  rubber  tube  to 
connect  with  the  air-pimip.  Even  when  concentrated  the  extract  gave 
no  light  on  adding  oxygen. 

We  must  conclude  that  the  photogen  is  destroyed  in  distilled  water, 
even  without  oxidation.  The  search  for  watery  solvent  for  the  photo- 
gen becomes,  then,  a  search  for  a  solvent  in  which  the  photogen  is 
stable.  The  following  solutions  were  tried  in  addition  to  distilled 
water.    Extraction  was  allowed  to  proceed  for  from  1  to  li  hours. 

1.  Ringer's  solution  (as  representing  fairly  accurately  the  concentration  and 

composition  of  the  firefly's  blood). 

2.  0.126  m  NaCl. 

3.  Sea-water  (a  mixture  of  chlorides  and  sulphates  of  Na,  K,  Ca,  and  Mg). 

4.  5  per  cent  NaCl. 

5.  0.05  m  NaOH  and  0.1  m  NaOH.    The  dried,  powdered  firefly  organs  will 

phosphoresce  strongly  if  sprinkled  on  the  surface  of  0.1  m  NaOH. 

6.  0.02  m  HCl.    Dried  firefly  powder  will  phosphoresce  on  0.0125  m  HCl  and  on 

0.025  m  HCl,  but  less  brilliantly.  Only  one  or  two  bright  dots  appear  on  0.05  m 
HCl  and  no  phosphorescence  occurs  on  0.1  m  HCl.  If  neutralixed  within 
two  minutes  after  contact  with  the  acid,  the  light  does  not  appear  in  the  0.1  m 
HCl  treated  material  nor  become  brighter  in  the  0.05  m  and  0.025  m  treated 
material. 

In  each  case,  after  extraction,  oxygen  was  admitted  and  the  solution 
shaken,  yet  in  no  case  did  light  appear  either  in  the  imdissolved  residue 
or  in  the  solution.    The  0.02  m  HCl  extract  was  also  neutralized,  as  it 
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18  well  known  that  the  acid  prevents  light-production.  As  McDermott 
(2s)  has  simultaneously  failed  to  extract  a  photogenic  substance  with 
ofxygen-free  aqueous  solvents,  we  may  safely  conclude  that  something 
oonnected  with  light-production  undergoes  decomposition  on  standing. 
We  shall  see  later  what  this  substance  is. 

In  1885  Dubois  (9)  showed  that  the  elaterid  beetle  Pyropharus 
nodihicus  contained  the  substances  luciferin  and  lucif erase  which  are 
described  on  page  176.  I  find  that  the  lampyrid  beetles  PhoHnus, 
Photwris,  and  Liunola  also  contain  similar  substances,  but  their  proper- 
ties agree  with  the  related  bodies  previously  described  in  Cypridina 
rather  than  those  described  by  Dubois  for  Pholas  (if),  and  conse- 
quently I  have  likewise  called  them  photogenin  (= lucif  erase)  and 
I^M>tophelein  (= luciferin).  For  instance,  firefly  photophelein  can  not 
be  oxidized  with  light-production  by  oxidizing  agents  and  is  foimd  in 
many  non-luminous  forms,  the  opposite  of  the  condition  said  to  hold 
for  PhoUu  luciferin  (= photophelein). 

like  Cypridina  photogenin,  firefly  photogenin  is  prepared  by  allow- 
ing an  aqueous  extract  of  the  luminous  organ  to  stand  until  the 
light  disappears,  and  the  photophelein  is  prepared  by  extracting  the 
firefly  with  boiling  water.  light  appears  on  mixing  the  two  substances. 
As  we  shall  see,  firefly  photophelein  alone  in  solution  is  very  stabile, 
but,  together  with  unboiled  extract  of  luminous  or  non-luminous  parts 
of  the  firefly,  it  is  very  unstabile.  Therefore  the  photophelein  is  prob- 
ably the  substance  which  underwent  decomposition  when  dried  pow- 
dered luminous  tissue  was  allowed  to  stand  in  contact  with  oxygen-free 
water  for  one  hoiu-  in  the  experiments  described  above. 

DISTRIBUTION  OF  PHOTOGENIN  AND  PHOTOPHELEIN  IN  THE  FIREFLY  AND 

OTHER  ORGANISMS. 

While  photogenin  is  found  only  in  the  luminous  gland-cells  of  the 
firefly,  photophelein  is  distributed  throughout  the  body  of  the  firefly. 
An  extract  of  the  non-luminous  parts  of  the  firefly  will  give  light  with 
photogenin,  but  only  if  tested  immediately  the  ratract  is  made.  An 
extract  10  minutes  old  is  foimd  to  contain  no  photophelein  unless  it 
has  been  previously  boiled.  After  boiling  the  photophelein  can  be 
kept  for  many  days  without  decomposition.  There  appears  to  be 
something  in  the  extract  of  non-luminous  parts  of  the  firefly  which 
causes  the  photophelein  to  disappear  unless  the  former  is  destroyed 
by  heat.  That  this  is  the  case  can  be  shown  by  adding  unboiled  extract 
of  the  non-luminous  parts  to  photophelein,  when  the  latter  disappears 
from  solution.  Because  of  failure  to  boil  the  non-luminous  firefly 
extract,  I  had  for  a  long  time  overlooked  the  existence  of  photophelein 
in  regions  other  than  the  luminous  gland.  Lack  of  oxygen  retards  but 
probably  does  not  prevent  the  disappearance  of  photophelein  from 
non-luminous  parts.  Note  that  just  as  photophelein  disappears  in 
contact  with  photogenin  and  oxygen  with  light-production,  so  it  also 
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disappears  in  contact  with  this  substance  in  non-luminous  parts,  but 
without  light-production.  In  this  respect  the  firefly  agrees  perfectly 
with  Cypridina. 

Among  non-luminous  forms  we  find  some  whose  extract  will  give 
light  with  photogenin,  whether  boiled  or  unboiled ;  others  whose  extract 
will  give  no  light,  whether  boiled  or  unboiled.  Hie  first  mentioned 
presumably  contain  photophelein  not  readily  destroyed  by  standing, 
the  second  are  similar  to  the  firefly,  and  the  third  may  contain  no  pho- 
tophelein or  some  substance  very  quickly  destructive  to  photophel^ 
or  an  excess  of  acid  or  perhaps  merely  imstabile  photophelein.  The 
exact  reasons  have  not  yet  been  worked  out.  The  following  extracts 
were  tried : 

LueMa  photogenin  X  oaterpillar  (apt)  blood Bri^t. 

Iriiao2a  photogeoin  X  oattfpillar  (q>7)  blood,  boiled Bri^t. 

Lueiola  photogenin  X  beetle  (CocdnMk  T-punctata)  extract Negative. 

Lueiola  photogenin  X  beetle  (CoeeineUa  T-puncUUa)  extract,  boiled Bri^t. 

LucMa  photogenin  X  beetle  (Olynphana  j-ueunda)  extract Negative. 

Lueiola  photogenin  X  beetle  {Olvnphana  jucunda)  extract,  boiled Bii^t. 

Lueiola  photogenin  X  beetle  (Anomala  rufwuprta)  extract Negative. 

Ludoia  photogenin  X  beetle  (iinomoJa  ruftcuproa)  extract,  boiled Negative. 

Ludoia  photogenin  X  grasshopper  {Pachytyhia  daniciu)  extract Very  faint. 

Ludoia  photogenin  X  grasshopper  {Patkytylut  danicut)  extract,  boiled Faint. 

Ludoia  photogenin  X  myriapod  {Scdopoi^dra  spT)  extract Faint. 

Lueiola  photogenin  X  myriapod  (Scolopendra  q>7)  extract,  boiled Faint. 

Lueiola  photogenin  X  ox-blood  extract  (boiled  or  unboiled) Negative. 

Lueiola  photogenin  X  neutral  potato-juioe  (boiled  or  unboiled) Negative. 

Note  that  the  oxidases  of  blood  or  potato-juice  will  give  no  light 
with  photogenin  and  that  they  also  will  give  no  light  with  photophelein, 
even  if  we  add  HtOs.  As  we  shall  see  later,  although  the  oxidases  can 
oxidize  pyrogallol  with  light-production,  they  have  nothing  to  do  with 
light-production  by  animals  (see  p.  232). 

As  we  have  already  seen  (p.  182),  Cypridina  photophelein,  if  con- 
centrated, will  give  a  very  faint  light  with  firefly  photogenin,  and  vice 
versa.  Firefly  photogenin  and  luminous  bacteria  prepared  in  the 
proper  way  (p.  214)  or  Watasenia  acintUlans  photophelein  (p.  223) 
also  give  a  faint  li^t,  but  the  converse  experiment  fails  to  produce 
light.  Cavernvlaria  photophelein  gives  no  light  with  firefly  photo- 
genin, but  the  converse  experiment  (p.  205)  does.  At  most  the  light 
produced  in  any  of  these  cross-experiments  between  distantly  related 
species  is  very  faint  and  again  shows  that  photogenin  and  photophelein 
from  different  luminous  forms  possess  a  certain  degree  of  specificity. 
As  was  to  be  expected  the  different  combination  mixtures  of  these 
substances  in  various  genera  of  the  Lampyridse  all  give  light  as  well  as 
the  reciprocal  combinations  between  Lampyridse  and  Elateridse  {Pyro- 
phorua) .  Indeed,  it  may  be  f oimd  that  the  photogenins  from  different 
forms  exhibit  differences  in  light-giving  power,  depending  on  relation- 
ship, similar  to  the  differences  in  the  hemoglobins,  or  similar  to  the 
specificity  of  the  precipitin  reactions  of  different  animals. 

Photophelein,  on  the  other  hand,  will  not  give  light  with  extracts  of 
any  non-luminous  forms  or  with  any  chemical  substances. 
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CONCENTRATION  OF  PHOTOGENIN  AND  PHOTOPHELEIN  NECESSARY  TO 

PRODUCE  LIGHT. 

The  amount  of  photogenin  in  the  firefly  is  greater  than  the  amount 
of  photophelein  necessary  to  combine  with  it;  otherwise  we  would  not 
be  able  to  obtain  photogenin,  because  it  would  be  completely  used  up 
in  combination  with  photophelein.^  In  some  Imninous  animals  {Nodi- 
htca^  Cavernvlaria,  Watasenia)  I  have  utterly  failed  to  demonstrate  a 
photogenin-photophelein  reaction  under  conditions  which  should  be 
favorable  and  after  many  attempts  to  demonstrate  it.  The  explana- 
tion of  this  result  may  lie  in  the  presence  of  equivalent  amounts  of  the 
two  substances. 

Both  photogenin  and  photophelein  are  foimd  in  much  smaller  con- 
centration in  the  firefly  than  in  Cypridina.  The  photogenin  from  one 
firefly  (Luciola  parva),  whose  average  size  is  8.2  by  3.1  mm.,  with 
limunous  organ  in  the  male  2.2  by  1.5  mm.  and  in  the  female  2.3  by 
0.5  mm.,  will  give  just  visible  light  in  1.6  c.c.  water,  and  the  photo- 
phelein from  1  firefly  in  3.2  c.c.  water.  The  greater  possible  dilution 
of  the  photophelein  is  due  no  doubt  to  the  fact  that  the  photophelein 
comes  from  the  whole  body,  while  the  photogenin  is  derived  only  from 
the  luminous  gland.  When  we  compare  this  with  the  crustacean 
Cypridina^  which  will  give  visible  light  in  25,600  c.c.  or  one  part  of 
Imninous  gland  in  1,700,000,000  parts  of  water,  we  see  that  the  firefly, 
despite  the  brilliancy  of  its  light,  is  not  a  very  powerful  light-producer. 

PROPERTIES  OF  PHOTOGENIN  AND  PHOTOPHELEIN. 

As  to  the  chemical  nature  of  photogenin  and  photophelein,  nothing 
definite  is  known,  except  that  it  is  not  a  fat  or  fat-like  substance.  The 
photophelein  is  much  the  more  stable  substance  and  can  be  preserved, 
imtil  attacked  by  bacteria,  or  with  chloroform  for  over  6  months.  It 
dialyzes  readily  through  collodion,  is  not  adsorbed  by  lampblack,  and 
is  not  readily  affected  by  ether  and  benzol.  Photogenin,  on  the  other 
hand,  disappears  in  less  than  5  ho\u^  at  25^  C,  is  quickly  destroyed 
by  etlier,  benzol,  and  chloroform,  and  will  not  dialyze  readily  if  at  all. 

In  this  ready  destruction  of  photogenin  by  the  fat-solvent  anesthet- 
ics, the  firefly  resembles  Pholas  dactylua  and  differs  markedly  from 
Cypridina.  One  sample  of  Cypridina  photogenin  was  preserved  under 
chloroform  for  over  54  dasrs  and  still  gave  light  with  photophelein. 

Liunola  photogenin  is  destroyed  at  about  42^,  while  the  photophelein 
is  still  active  after  10  minutes'  boiling.  A  bright  light  is  produced  on 
mixing  the  two  at  0^  C.  Exact  destruction  temperatiues  are  difficult 
to  determine,  however,  and  Lund  (3)  finds  that  in  Photuris  pennsyU 
vanica,  if  the  intact  luminous  tissues  are  studied,  the  light  disappears 

'I  have  not  ftctually  loade  the  experiment  to  ihow  that  photogenin  is  used  up  in  giving  light 
with  i^iotophelein,  but  it  teems  highly  probable  that  this  is  the  ease  in  the  firefly,  as  it  is  in 
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between  45^  and  54^  and  returns  on  cooling.  The  maximiiTn  tempera- 
ture from  which  the  hght  revived  was  84^  and  it  usually  returned 
about  50^.    These  effects  are  similar  to  those  observed  with  Cypridina. 

Very  weak  concentrations  of  acids  prevent  the  production  of  light 
of  the  firefly,  less  weak  concentrations  of  alkaUes  are  necessary,  and 
KCN  does  not  affect  Ught-production  in  strong  (m/100)  concentrations. 

Table  10  summarizes  the  characters  of  photogenin  and  photophelein 
(lucif erase  and  lucif erin)  as  found  by  Dubois  for  Pholae  and  by  myself 
for  Cypridina  and  the  firefly.  Where  a  statement  runs  through  both 
photogenin  and  photophelein  columns  it  applies  to  a  mixture  of  the  two 
substances.    A  blank  indicates  that  the  experiment  has  not  been  tried. 

STUDIES  ON  A  PENNATULID,  CAVERNULARIA  HABERI. 

GENERAL  CHARACTERS  OF  THE  ANIMAL  AND  OF  THE  PHOTOGENIC  MATERIAL. 

Panceri  (24),  working  with  Pennatvia  phoephorea,  has  given  us  the 
best  account  of  phosphorescence  among  the  pennatulids.  He  de- 
scribes the  light  as  coming  from  eight  bands  of  cells  on  the  outer  wall  of 
the  stomach  and  continued  into  buccal  papilke.  They  contain  a 
luminous  ''fatty"  matter  which  can  easily  be  squeezed  out  as  a  sort  of 
slime  and  which  does  not  decompose  readily.  He  also  found  that  on 
stimulation  a  wave  of  light  would  pass  over  the  colony  in  any  direction 
at  a  rate  of  about  5  cm.  per  second.  In  a  form  like  Cavernvlaria  he 
describes  also  somewhat  similar  conditions  (24,  p.  40),  but  his  descrip- 
tions are  very  meager.  I  have  found  the  Japanese  species  of  Caver- 
nularia  more  favorable  for  light  experimentation  than  PennahUa,  and 
the  following  pages  contain  confirmation  of  Panceri's  experiments  on 
the  light-waves  passing  over  the  colony  and  a  general  account  of  the 
chemistry  of  light-production. 

Cavernvlaria  hdberi  is  especially  abimdant  in  the  fjord  of  Abxuratsubo, 
Japan,  near  Misaki,  the  marine  station  of  the  Imperial  University  of 
Tokyo.  The  colony  of  animals  lies  hidden  in  the  sand  and  contracts 
during  the  day,  but  at  night  takes  up  water  and  expands,  large  ones 
to  the  length  of  2  feet.  If  stimulated  by  touching  or  electrically,  or 
by  the  addition  of  ammonia,  a  slime  is  formed  similar  to  that  produced 
by  most  of  the  Cnidaria  upon  irritation,  but  differing  in  that  it  is 
brightly  luminous.  The  whole  of  the  outer  surface  of  the  colony  can 
form  the  luminous  slime,  but  not  the  spongy  inner  material.  The 
stalk,  containing  no  polyps,  is  especially  brilliant. 

The  slime  may  be  dried  over  CaCU  and  will  give  light  when  mois- 
tened with  sea-water  or  fresh  water. 

By  squeezing  Cavernvlaria^  from  which  most  of  the  sea-water  has 
been  gently  pressed,  one  can  easily  obtain  a  luminous  juice  which  is 
still  liuninous  when  filtered  through  filter  paper  and  retains  its  lumi- 
nescence for  several  hours.  Examination  of  the  filtrate  imder  the  mic- 
roscope in  the  dark  shows  that  the  light  comes  from  minute  points  of 
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which  make  the  field  ot  view  look  like  the  starry  heavens.  If 
water  is  added  to  this  sea-water  juice,  the  light  is  greatly  increased, 
due  to  the  appearance  of  numerous  additional  points  of  light.  These 
points  of  light  come  from  minute  granules  and  globules  easily  visible 
in  the  filtered  juice  under  the  microscope.  The  addition  of  water  to 
a  daric  Ca^vernuUaria  juice  which  has  stood  for  two  days  will  cause  the 
appearance  of  light  due  to  the  dissolving  of  the  granules  and  globules. 
So  sensitive  are  they  to  the  addition  of  water  that  1  drop  of  fresh-water 
added  to  5  c.c.  of  juice  will  produce  light,  and  so  bright  is  the  light  that 
the  addition  of  1  drop  of  Cavernularta  juice  to  5  c.c.  of  fresh-water 
produces  a  light  easily  visible  when  the  drop  is  mixed  with  the  5  c.c. 

By  centrifuging  the  filtered  juice,  the  granules  may  be  partially 
thrown  down  and  will  give  a  brilliant  light  if  fresh-water  is  added, 
while  the  liquid  itself  (tiu-bid  in  appearance)  gives  a  much  fainter 
light.  No  light  is  produced  upon  the  addition  of  water  to  a  parchment- 
paper  sea-water  dialysate  of  the  juice,  so  that  light-production  is 
undoubtedly  connected  with  the  visible  globules  and  granules  of  the 
juice.  That  it  is  connected  with  the  solution  of  the  granules  is  indi- 
cated by  the  fact  that  fresh-water  but  not  salt-water  or  isotonic  cane- 
sugar  is  able  to  call  forth  the  production  of  light.  Hie  process  appears 
to  be  similar  to  the  cytolysis  of  cells,  as  can  be  observed  by  an  inspec- 
tion of  table  8,  which  shows  the  effect  of  adding  various  substances 
to  the  dark  juice  of  Ccwernvlaria, 

The  light^ving  granules  of  Cavernvlaria  will  pass  through  an  alim- 
dum  filter  crucible  (R  A  84)  of  the  finest  pores,  but  not  through  a 
Pasteur-Chamberland  filter-tube.  The  liquid  passing  through  the 
latter  is  perfectly  clear  and  non-luminous  and  gives  no  light  when 
water  is  added. 

There  is  no  adsorption  of  the  light-producing  substance  by  bone- 
black  or  Fe(0H)8- 

ELECTRICAL  STIMULATION. 

The  juice  of  Cavernvlaria  filtered  through  filter  paper  does  not  re- 
spond to  the  strongest  interrupted  induced  shocks.  The  living  colony, 
however,  responds  readily. 

When  a  galvanic  current  is  passed  through  one  of  the  excised  polyps 
mounted  between  non-polarisable  electrodes,  a  flash  of  light  occurs  on 
the  make  and  a  series  of  flashes  while  the  current  is  passing,  which 
cease  on  the  break.  There  is  no  flash  of  light  on  the  break.  A  similar 
response  can  be  observed  with  NoctUuca  (2).  It  will  be  remembered 
that  Romanes  (25)  observed  a  series  of  contractions  in  the  bell  of  a 
medusa  during  the  passage  of  a  galvanic  current,  and  the  sartorius 
muscle  of  the  frog  often  contracts  on  the  make  of  a  galvanic  current, 
remains  contracted  diuing  the  passage  of  the  current,  and  relaxes  on 
the  break. 
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If  the  whole  colony  be  stimulated  by  weak  induced  shocks,  there  is 
a  local  production  of  light.  There  is  usually  no  response  to  a  single 
shock,  but  a  ready  response  to  three  or  more  sent  in  in  rapid  succession. 

With  stronger  stimuli,  a  wave  of  light,  easily  followed  by  ihe  eye, 
passes  over  the  colony  in  each  direction  from  ihe  point  stimulated. 
With  interrupted  induced  shocks,  a  series  of  waves  of  lig^t  follow  one 
another  in  quick  succession  (not  corresponding  to  the  number  of 
stimuli,  however),  reminding  one  of  the  series  of  electric  shocks  given 
out  by  the  torpedo,  only  on  a  slower  scale.  The  time-interval  between 
separate  flashes  no  doubt  corresponds  to  the  refractory  period  of  the 
cells  concerned. 

On  pre^  deeply  into  the  tissue  and  stimulating  strongly,  a  much 
brighter  light-response  also  results,  which  very  slowly  moves  away 
from  the  point  of  stimulation  and  usually  does  not  extend  more  than 
2  or  3  cm.  At  the  same  time  the  whole  colony  contracts,  the  polyps 
are  drawn  in,  and  in  this  condition  do  not  respond  to  electrical  stimu- 
lation by  li^t-production. 

The  wave  of  light  above  mentioned  will  pass  in  any  direction  over 
the  colony  and  across  a  cut  around  the  middle  of  the  colony  involving 
the  whole  of  the  external  tissue.  Some  inner  tissue  must  therefore  be 
capable  of  conducting  the  stimulus. 

LACK  OF  OXYGEN. 

That  the  production  of  light  by  Cavemularia  is  an  oxidation  can  be 
very  readily  determined  by  passing  a  current  of  hydrogen  through  the 
juice,  when  the  light  disappears,  but  promptly  reappears  upon  admit- 
ting oxygen.  A  sample  of  phosphorescent  juice  kept  24  hours  in  an 
atmosphere  of  hydrogen  gave  light  when  air  was  admitted. 

Considerable  oxygen  is  necessary,  as  may  be  seen  by  keeping  ihe 
juice  in  a  tall  test-tube,  when  it  lights  only  at  the  surface  in  contact 
with  air.  The  light  appears  through  the  tube,  however,  if  mixed  with 
air. 

REDUCTA^  OXIDASE.  AND  CATALASE. 

A  tube  of  Cavemularia  juice  shut  off  from  the  air  very  quickly  reduces 
(decolorizes)  methylene  blue.  The  blue  color  reappears  when  oxygen 
is  admitted.  This  reaction  has  nothing  to  do  with  light-production, 
however,  as  it  is  given  also  by  a  non-luminous  sea  anemone  (Anthapleura 
xafUhogrammica)  and  many  other  animal  tissues  which  can  not  produce 
light. 

Unboiled  Cavemvlaria  juice  also  gives  oxidase  reactions  upon  addi- 
tion of  HaOs  with  guaiac,  pyrogallol  (slight),  o^napthol,  para-phenylen 
diamine,  indo-phenol  reagent,  ortol,  and  pyrocatechin.  The  boiled 
juice  gave  a  slight  positive  test  with  guaiac,  para-phenylen  diamine 
and  the  indo-phenol  reagent.  Many  other  non-luminous  tissues  give 
these  reactions,  however,  and  there  is  abundant  evidence  to  show  that 
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li^t-production  in  animals  is  not  connected  with  the  ordinary  oxidases 

(peroxidases)  (see  p.  232). 

|to  As  in  all  otJier  organic  tissues,  catalase  is  also  present  in  the  juice  of 

Ccuferrvularia. 

TEMPERATURE. 

The  juice  of  Cavemvlaria  still  gives  a  good  light  at  O''  C,  as  do  pieces 
of  the  colony  if  stimulated. 

On  raising  the  temperature,  the  light  of  Cavemularia  juice  disappears 
at  52^  and  does  not  reappear  on  cooling.  Pieces  of  the  colony  slowly 
heated  begin  to  light  spontaneously  at  about  40"^. 

The  light  of  Nodiluca  (2)  disappears  at  48"^,  Cypridina  at  about  54"^, 
a  hydroid  (Sertulana  sp.)  at  64"^,  the  firefly  (Luciola)  at  42"^,  and 
luminous  bacteria  at  38^. 

PHOTOGENIN  AND  PHOTOPHELEIN. 

Unlike  the  firefly,  Cypridina,  and  Pholas  dactylus,  it  is  impossible  to 
separate  the  luminous  juice  of  Cavemularia  into  two  substances, 
photogenin  and  photophelein  (lucif erase  and  luciferin),  one  destroyed 
by  boiling,  the  other  not,  which  will  give  light  when  mixed.  We  can 
not,  for  instance,  cause  light  to  appear  in  Cavernvlaria  juice  which  has 
stood  imtil  the  light  has  disappeared  by  adding  fresh  luminous  Caver- 
ntUaria  juice  heated  to  boiling  and  then  cooled;  neither  can  we  obtain 
light  by  adding  juice  heated  to  temperatures  below  boiling  (88^,  81^, 
71%  61°,  or  52°  C.)  and  then  cooled. 

Another  species  of  pennatuUd,  Pennatula  sp.,  as  also  NodUuca  and 
the  squid  Watasenia  sdnliUans,  behaves  as  does  Cavemvlaria.  None 
of  these  organisms  gives  the  photophelein-photogenin  (luciferin- 
ludferase)  reaction,  for  reasons  at  which  we  can  only  guess.  The 
photc^^enin  or  photophelein  may  be,  either  of  them,  very  imstabile,  or 
there  may  be  sufficient  photophelein  to  use  up  all  the  photogenin.  The 
evidence  in  this  case  seems  to  indicate  that  the  photophelein  is  \mstabile, 
as  we  can  obtain  a  faint  light  with  Cypridina  photophelein  or  firefly 
photophelein  (both  prepared  with  sea-water)  and  the  non-luminous 
Cavemutaria  juice  (photogenin) .  Pennatula  and  NodUuca  photophelein 
gave  negative  results  with  Cavemularia  juice,  and  vice  versa. 

Tablb  11. — Ejjed  of  iianding  on  lightrproducing  power  of  Caverntdaria  juice, 

Juiee  +  water Brii^t  light. 

Juiee  12  boon  old  at  20*"  C.  +  water Bright  light. 

Juiee  24  houn  old  at  20*'  C.  +  water Fair  light. 

Juiee  48  houn  old  at  20*'  C.  +  water Faint  light. 

Jaioe  72  houn  old  at  20**  C.  +  water None. 

The  question  may  be  asked,  what  substances  are  able  to  cause  light 
to  appear  in  the  juice  of  Cavemularia  which  has  stood  until  completely 
dark?  Usually  4  to  6  hours  are  sufficient  time  for  the  juice  to  lose  its 
luminescence.  It  is  still  capable  of  giving  out  a  bright  light  if  we  add 
fresh-water  (but  not  sea-water)  to  it,  and  it  retains  this  potentiality 
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for  ovar  two  days  at  20^  C.  (see  table  11)  and  a  shorts  time  at  higb^ 
temperatures.  As  only  fresh  water  and  not  sea-water  will  call  forth 
the  light,  and  as  we  know  that  lif^t-producticm  is  connected  with  the 
grannies  of  the  juice,  the  process  appears  similar  to  the  cytolya^  of 
cells — t.  e.y  to  the  swelling  and  solution  in  fresh  water  of  tl^  granules 
which  the  cells  contain.  By  this  means  something  is  liberated  from 
the  granules  of  CaverntUaria  juice  which  oxidises  with  light-production. 
Table  12  gives  the  results  of  adding  various  other  substances,  pure  or 
dissolved  in  sea-water,  to  the  dark  Cavernularia  juice. 

Table  12. — Effect  of  sybtUmces  in  calling  forth  Ught  from  nonrluminotu  Cttvemularia  juice. 


Solutioo  or  substance 
added. 


Character  of 
light. 


Solution  or  substance 
added. 


Character  of 
light. 


50  per  cent  sea-water .... 

66  per  cent  sea-water .... 

76  per  cent  sea-water .... 

80  per  cent  sea-water .... 

90  per  cent  sea-water .... 

Water 

Sea-water 

Sea-water  evaporated  to 
one-half  volume 

m  cane-sugar 

m/2  cane-sugar 

m/4  cane-sugar 

m/8  cane-sugar 

Chloroform-saturated  sea- 
water 

One-half  chloroform-satu- 
rated sea-water 

One-quarter  chloroform- 
saturated  sea- water. . . . 

Chloretone-saturated  sea- 
water  

One-half  chloretone-satu- 
rated sea-water 

One-quarter  chloretone- 
saturated  sea-water. . . . 

Thymol-saturated  sea- 
water  

One-half  thymol-saturated 
sea-water 

One-quarter  thymol-satu- 
rated sea-water 

Bensol 

Ether 

Chloroform 

Chloretone  crystals 

Thymol  crystals 

Chloral-hydrate  crystals. 

Saponin  powder 

Oleic  acid 


Bright  light. 
Fair  light. 
Fainter  light. 
Very  faint  light. 
None. 

Bright  light. 
None. 

None. 
None. 
Faint  light. 
Fair  light. 
Good  light. 

Faint  light. 

Very  faint  light. 

None. 

None. 

None. 

None. 

Fair  light. 

Faint  light. 

Very  faint  light. 
Faint  light. 
None. 
None. 

Very  faint  light. 
Faint  light. 
Faint  light. 
Fair  light. 
Faint  light. 


Ortol  crystals 

Hjrdrochinon  crystals .... 

Reeorcin  crystals 

Pyrocatechin  crystals .... 

Pyrogallol  ciystals 

BagOi  powder 

NagOi  powder 

KMn04  crystals 

KsCi^  ciystals 

FeCli 

FeS04  crystals 

K4Fe(CN)i 

Laonome     japoniea      (an 

annelid)  blood 

Dried  oz-blood  extract  in 

sea-water 

LepoM  onaHfen  extract. . . 
LepoM    ana^ifera    extract, 

boiled 

Chiton  sp.  extract 

Chiton  sp.  extract  boiled 
Onchidium  sp.  extract  (a 

pulmonate  moUusk). . . . 
Onchidium     sp.     extract, 

boiled 

Dolabella  sp.  blood  (a  nudi- 

branch) 

Dolabdla  sp.  blood,  boiled 
Sepia  e9C%dmUa  blood .... 
Sepia      eaculenta      blood, 

boiled 

PanuliruM  japoniea  blood . 
Panulirue  japoniea  blood, 

boiled 

Cypridina  hiloendorfii  pho- 

tophelein  in  sea-water .  . 
Luciola    vUHcoUia    photo- 

phelein  in  sea-water 


Faint  light. 

N<Hke. 

None. 

None. 

None. 

None. 

None. 

None. 

None. 

None. 

None. 

Faint. 

None. 

None. 

None. 
None. 

None. 
None. 
None. 

None. 
None. 
None. 

Faint. 
None. 
None. 

None. 

Very  faint  light. 

None. 

Fair  light. 

Fair  light. 


Note  from  table  12  that  light-production  is  not  due  to  dilution  of 
the  salts  of  sea-water  by  adding  fresh-water,  since  m  cane-sugar  does 
not  call  forth  the  light.  Note  also  that  many  cytolytic  substances 
(chloroform,  benzol,  thymol,  etc.)  give  light,  but  not  the  oxidizing 
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agents,  NatOs,  KMn04,  etc.  The  blood  of  certain  invertebrates  also 
causes  very  faint  light-production,  but  we  can  not  be  sure  that  this  is 
not  due  to  the  fact  that  the  blood  is  somewhat  less  concentrated  than 
sea-water,  although  the  determinations  of  other  closely  allied  forms 
show  the  salt-content  to  be  the  same  as  the  sea-water  in  which  they  Uve. 

CHEMICAL  REACTIONS. 

Hie  luminous  juice  of  CavemviUxria  contains  the  luminous  substance, 
but  mixed  with  many  substances,  so  that  mere  chemical  tests  on 
the  juice  are  of  no  value  in  determining  the  chemical  nature  of  the 
himinous  substance.  The  luminous  material  is  salted  out  along  with 
the  other  proteins,  but  does  not  retain  its  power  to  phosphoresce 
long  enough  to  be  manipulated  by  the  ordinary  chemical  methods.  The 
following  paragraphs  give  the  results  of  precipitation  by  (NH4)2S04, 
picric  add,  alcohol,  etc. 

If  to  the  fresh  filtered  luminous  juice  of  CavernviUxria  we  add  sugar, 
NaCl,  MgS04,  (NH4)2S04  to  saturation,  or  5  volimies  of  glycerine,  the 
light  disappears.  A  heavy  precipitate  forms  in  (NH4)2S04,  a  small 
imecipitate  in  MgS04  and  practically  none  in  NaCl.  The  precipitates 
are  soluble  in  sea-water.  No  precipitate  is  formed  in  sugar  or  glycerine. 
If  poured  into  fresh-water  or  sea-water  immediately  after  the  light  has 
disi^peared,  light  is  produced  by  all  solutions.  If  the  tubes  are  allowed 
to  stand  for  a  day,  no  light  is  produced  by  any  tube  on  pouring  into 
fresh-water  or  sea-water. 

If  alcohol  or  acetone  (3  vols.)  is  added  to  the  juice,  a  precipitate 
forms  and  the  light  disappears.  The  precipitate  is  insoluble  and  gives 
no  light  in  sea-water  or  fresh-water. 

The  alkaloidal  reagents — ^picric  acid,  phosphotungstic  acid,  and 
tannic  acid — ^immediately  cause  precipitation  with  disappearance  of 
light.  The  precipitates  are  insoluble  in  sea-water  or  fresh-water  and 
produce  no  light. 

Normal  acetic  acid  or  n  NH4OH,  added  drop  by  drop,  produce  no 
precipitate,  although  the  light  disappears  in  weak  concentrations. 

ANESTHETICS. 

Ether,  chloroform,  and  benzol  cause  a  fairly  rapid  disappearance  of 
the  light  in  the  order  named,  the  ether  most  rapid.  In  tiupentine, 
chloral  hydrate,  thymol,  and  chloretone  the  light  stays  for  a  long  time 
and  then  disappears.  There  is  no  reappearance  of  light  from  any  of 
the  tubes  if  poiued  into  fresh-water  or  sea-water  unless  we  do  so  imme- 
diately the  light  has  disappeared,  and  then  the  light  is  very  faint  and 
mom^itary. 

In  other  words,  the  juice  can  not  be  anesthetized.  Even  in  concen- 
trations of  alcohol,  ether,  chloroform,  or  butyl  alcohol,  which  cause  a 
slow  disappearance  of  light,  there  is  no  recovery  or  only  a  momentary 
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faint  glow  upon  dilution  of  the  solutions  with  sea-wata*.  The  alcohols 
give  similar  results.  About  16  per  cent  ethyl  alcohol  will  cause  the 
light  to  disappeiur  in  one  minute,  but  there  is  no  recovery  or  only  a  very 
faint  momentary  glow  on  diluting  with  sea-water.  Saturation  with 
butyl  alcohol  gives  a  similar  result. 

Since  reversibility  is  the  sine  qua  rum  of  anesthesia,  we  must  conclude 
that  this  juice  can  not  be  anesthetized,  in  this  respect  differing  mark- 
edly from  the  granule-free  Cypridina  luminous  secretion  which  can  be 
anesthetized  by  the  alcohols.  Also  many  luminous  organisms — ^for 
instance,  luminous  bacteria — can  be  truly  anesthetized  (see  p.  219). 

POTASSIUM  CYANIDE. 

PotassiimoL  cyanide  has  no  inhibiting  effect  upon  the  light-production 
of  Caverriularia  juice.  Even  in  m/40  concentration  the  light  is  still 
bright  after  90  minutes,  a  result  agreeing  with  all  other  experiments 
on  luminous  organisms  (bacteria,  firefly,  Cypridina,  NocUtuca). 

SUMMARY  OF  RESULTS  FROM  CAVERNULARIA. 

1.  The  light  of  Cavernvlaria  comes  from  a  luminous  slime,  a  secre- 
tion of  gland-cells  over  the  outa*  surface  of  the  colony. 

2.  The  secretion  contains  small  granules  which  can  be  seen  to  emit 
the  light.  On  standing  the  light  from  a  sea-water  extract  of  Cath 
emularia  slowly  disappears  and  will  not  return  on  shaking,  but 
reappears  if  fresh  water  is  added  to  the  juice. 

3.  The  light  substance — i.  e.,  the  granules — ^will  pass  an  alundum 
filter  (R  A  84)  but  not  a  Chamberland  filter.  It  is  not  adsorbed  by 
boneblack  or  Fe(0H)8  and  will  not  dialyze. 

4.  The  light-producing  granules  do  not  respond  to  electrical  stimu- 
lation, but  the  colony  gives  light  with  galvanic  or  induced  currents. 

5.  With  galvanic  currents  a  flash  appears  on  the  make  and  a  series 
of  flashes  while  the  current  is  passing,  which  cease  on  the  break. 

6.  Upon  stronger  stimulation  (with  induced  currents)  a  wave  of 
light  passes  over  the  colony  in  all  directions  from  the  point  stimulated. 
This  wave  will  pass  throu^  the  deeper  tissues  when  all  the  ectodermal 
tissues  are  cut. 

7.  A  considerable  amoimt  of  oxygen  is  used  up  in  light-production 
and  no  light  appears  in  its  absence. 

8.  Cavemularia  juice  will  decolorize  (reduce)  methylene  blue  in 
absence  of  oxygen,  and  it  also  contains  peroxidases  and  catalase. 

9.  The  light  is  still  bright  at  0°  C.  Fragments  of  Cavemularia  give 
off  light  spontaneously  at  40°  C,  which  disappears  at  52°  C.  and  does 
not  return  on  cooling. 

10.  The  photogenin-photophelein  reaction  is  not  given  by  Caver- 
nularia,  but  a  faint  light  can  be  obtained  with  a  non-luminous  Caver- 
nvlaria  juice  (photogenin)  and  Cypridina  or  firefly  photophelein. 
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11.  The  production  of  light  by  the  granules  appears  similar  to  the 
c3rtolysis  of  cells,  as  it  occurs  with  water  (but  not  isotonic  cane-sugar) 
and  certain  cytolytic  substances  (saponin,  chloroform,  benzol,  oleic 
add). 

12.  The  light-producing  substances  are  salted  out  along  with  the 
proteins,  but  are  not  stabile  enough  for  chemical  manipulation. 

13.  The  light-producing  granules  can  not  be  anesthetized. 

14.  PotassiimoL  cyanide  has  no  effect  on  light-production. 

STUDIES  ON  LUMINOUS  BACTERIA. 

DESICCATION  AND  EXTRACTION  WITH  FAT  SOLVENTS. 

Luminous  animals  may  be  divided  into  two  classes — those  in  which 
the  liuninous  material  is  burnt  within  the  living  cell  (firefly,  fungi)  and 
those  in  which  it  is  secreted  by  the  cell  outside  (many  worms,  Crus- 
tacea, and  myriapods).  As  firat  shown  by  Molish  (s)  the  luminous 
substance  must  be  burnt  within  the  bacterial  cell,  since  a  dense  emul- 
sion of  the  luminous  bacteria  may  be  separated  from  the  mediiun  by 
a  Chamberland  or  Berkefeld  filter  and  a  clear  dark  filtrate  with  no 
trace  of  phosphorescence  obtained.  I  have  repeated  Molish's  experi- 
ment and  can  confirm  him.  An  alundiun  filter  crucible  was  used. 
Can  this  photogenic  substance  in  the  cell  be  freed  of  other  cell  material 
and  obtained  in  a  more  or  less  pure  state?  We  know  that  the  bacteria 
can  be  dried,  and  when  moistened  again  will  phosphoresce,  even  though 
the  majority  are  not  living,  and  will  give  rise  to  no  new  growth  if  inocu- 
lated in  a  suitable  culture  mediiun.^ 

These  dried  bacteria  form  the  material  used  for  extraction  purposes. 
The  organisms  are  best  grown  in  bulk  in  a  thin  layer  of  peptone  (1  per 
cent),  glycerine  (1  per  cent),  sea-water  nutrient  fluid  covering  the 
bottom  of  a  white  enameled  pie-plate  and  covered  by  another  pie- 
plate,  the  whole  readily  sterilized  and  serving  as  a  large  Petrie  dish. 
The  medimn  must  be  faintly  alkaline  to  phenolphthalein.  The  bac- 
teria are  easily  collected  by  centrifuging.  The  dense  mass  of  centri- 
fuged  bacteria  is  then  spread  in  a  thin  layer  on  filter  paper  or  on  glass 
wool,  placed  in  a  desiccator,  and  dried  over  CaCU  in  a  vacuum. 
Spreading  on  glass  wool  has  the  advantage  that  the  glass  wool  may 
be  ground  up  in  a  mortar  and  a  powder  obtained  which  phosphoresces 
when  moistened,  but  the  powder  does  not  give  so  brilliant  a  light  as 
does  the  filter  paper  containing  dried  bacteria.  It  is  well  to  wash  the 
glass  wool  with  several  changes  of  water  to  remove  alkali.  Such  strips 
of  dried  bacteria-impregnated  filter  paper  can  be  extracted  with  boiling 

'I  have  on  two  ooeadonfl  obtained  no  luminouB  growths  from  bacteria  whioh  had  been  dried  on 
filter  paper  and  afterwards  moistened  (light  was  prodaoed)  with  sterile  sea-water  and  placed  on 
nutrient  agar  culture  medium.  In  the  majority  of  eases,  however,  colonies  of  brilliantly  luminous 
bacteria  result.  Theee  colonies  are  relatively  few  in  number,  indicating  that  mott  of  the  bacteria 
are  kOIed  by  drying. 
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ether  or  cold  absolute  alcohol  for  12  hours  without  losing  their  power 
to  phosphoresce  when  the  solvent  has  been  removed  and  they  are  again 
moistened.  Colonies  of  luminous  bacteria  sometimes  appear  whexk  the 
filter  paper  is  placed  on  a  nutrient  medium,  even  after  such  rigorous 
treatment  with  ether  and  alcohol  and  other  fat  solvents.  Bdchner  and 
Gaunt  (2$)  obtained  similar  results  with  the  acetic-acid-^orming  bac- 
teria of  beer  {Mycoderma  acetC).  The  dried  acetic  bacteria  are  not  all 
killed  by  extraction  with  acetone;  moist  bacteria  are  invariably  killed.^ 

In  testing  the  solubility  in  fat  solvents,  strips  of  filter  paper  contain- 
ing the  dried  bacteria  were  placed  in  the  solv^its  in  sterile  tubes  for  a 
definite  time  at  a  definite  temperature,  the  solvent  completely  removed, 
and  the  filter  paper  tested  for  light-production  by  adding  sterile  sea- 
water.  A  plus  mark  (+)  indicates  light,  a  minus  mark  (— )  indicates 
no  light.  Controls,  imtreated  with  any  solvent,  always  gave  a  good 
light.  Table  13  gives  the  results.  In  the  last  colimm  are  similar 
results  obtained  with  the  dried  powdered  luminous  organs  of  the  firefly. 
The  amyl  alcohol  and  ethyl  butyrate  were  completely  removed  by 
washing  with  ether. 

The  great  majority  of  fat  solvents  extract  nothing  which  is  essential 
to  light-production,  as  can  be  seen  from  the  table.  Chloroform  might 
have  extracted  something,  as  the  material  glows  only  faintly  after 
chloroform  treatment.  I  have,  however,  evaporated  the  chloroform 
extract  to  dryness  in  vacuo  and  added  water  as  well  as  a  water  extract 
of  luminous  bacteria  (in  itself  non-lmninous;  possibly  containing  a 
second  necessary  substance)  to  the  residue  without  obtaining  light- 
production.  The  same  result  was  obtained  with  the  residue  of  the 
boiling  alcohol  extract,  so  that  we  must  conclude  that  the  chloroform 
and  boiling  alcohol  extract  nothing,  but  rather  destroy  the  photogenic 
material.  The  temperature  of  boiling  alcohol,  78.4^,  is  not  destructive 
to  the  photogen.  These  results  are  very  similar  to  my  previous  results 
on  firefly  material,  as  may  be  seen  by  inspecting  the  last  colimm.  The 
photogen  of  the  firefly  is  not  weakened  by  chloroform  or  acetone  or  a 
boiling  mixture  of  equal  parts  alcohol  and  ether,  but  does  suffer  from 
carbon  disulphide.    Otherwise  the  results  are  the  same. 

The  strips  of  filter  paper  moistened  with  sterile  sea-water  were  then 
transferred  imder  sterile  conditions  to  nutrient  agar  to  see  if  colonies 
of  liuninous  bacteria  would  result.  It  was  foxmd  that  not  in  every 
case,  but  in  at  least  one  experiment  out  of  several  tried,  luminous 
colonies  were  obtained  after  extraction  of  the  material  with  ether, 
alcohol,  toluol,  acetone,  and  benzol. 

I  have  already  mentioned  the  fact  that  dried  bacteria  will  glow  if 
moistened  after  extraction  with  cold  (20^)  absolute  alcohol,  and  also  the 

^I  find  that  extraction  of  dried  luminous  bacteria  with  95,  80,  50,  or  35  per  cent  alcohol  kills 
them  all  and  no  new  growths  appear.  Also  if  the  moist  bacteria  are  treated  with  a  large  excess 
(50  volumes)  of  absolute  alcohol  or  acetone  for  10  minutes  and  then  rapidly  dried  no  growth  is 
possible.     Bacteria  so  treated  have  also  lost  their  power  to  phosphoresce  when  moistened. 
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fact  that  if  50  yohuneB  of  absolute  alcohol  are  added  to  a  mass  of  moist 
centrifuged  bacteria  and  they  are  then  shaken  for  10  minutes,  the  alcohol 
removed,  and  bacteria  quickly  dried,  no  phosphorescence  is  obtained  on 
mdatatiing  this  dry  powder.  Neither  will  dried  bacteria  phosphoresce 
if  extracted  with  95,  80,  70,  50,  or  37  per  cent  alcohol.  What  is  the 
e]q>lanation  of  this?  The  alcohol  does  not  dissolve  out  a  luminous 
substance.  Water  appears  to  exert  some  influence.  Perhaps  we  may 
explain  the  above  result  as  merely  an  example  of  the  effect  of  alcohol 
on  dry  albumins  as  opposed  to  albumin  solutions.    Powdered  egg 

Table  13. 


Sc^vent. 


(cold) 

EOmt  (hot) 

Chloroform  (cold) 

'Chlorofonn  (hot) 

Ethyl  alcohol  (cold) 

Ethyl  alcohol  (hot) 

Alcohol  and  ether  (equal  parts* 

boilins). 
Acetone  (cold) 

Acetone  (hot) 

Carbon  tetrachloride 

Carbon  biaolphide 

Toluol 

Tohiol  (hot) 

Benaol 

Bensine  (petroleum  ether) 

Amyl  alc^iol 

EtM  ba^nmte 

05  per  cent  alcohol 

80  per  cent  alcohol 

70  per  cent  alcc^ol 

50  per  cent  alcohol 

35  per  crat  alcohol 

Material  kept  dry  at 

Material  kept  dry  at 


Temperature 
(indesreesC.)- 


ao 

35 

20 

61 

20 

78.4 

46 

20 

56.3 

20 

20 

20 
100 

20 

20 

20 

20 

20 

20 

20 

20 

20 

78.4 
100 


Time  of 
extraction 
(in  hours). 


24 
24 
12 
12 
12 
12 
12 

12 

12 
24 
24 
12 
12 
12 
24 
24 
24 
24 
24 
24 
24 
24 
12 
12 


Dried 
bacteria. 


■f 

+ 

+  faint. 

■f 

—  to  faint 
light. 

—  to   faint 
light. 

+  fair,  li^t. 

+  fair. 
+  fair. 

+ 


-h  fair. 


Dried 
firefly. 


+ 
+ 

Not  tried. 

■f 

+  faint. 

+ver>'  faint. 


albumin  can  be  extracted  with  absolute  alcohol  (or  acetone)  for  6  hours 
and  is  still  readily  soluble  in  water.  But  if  a  concentrated  aqueous 
solution  of  albumen  is  precipitated  by  a  large  excess  of  alcohol  (or 
acetone),  even  though  the  alcohol  (or  acetone)  be  removed  within 
15  minutes,  the  precipitate  of  albumen  is  foimd  to  be  practically  insol- 
uble in  water.  It  would  be  futile  to  discuss  the  matter  without  further 
experimental  results,  but  the  results  seem  to  indicate  that  in  photo- 
genesis  there  is  involved  a  substance  which  in  the  moist  state  is  irre- 
versibly precipitated  (or  changed)  by  alcohol  and  that  it  is  probably 
protein  in  nature. 

At  any  rate,  the  experiments  show  (1)  that  the  photogenic  material 
is  not  a  fat  or  a  fatlike  body  soluble  in  fat  solvents,  and  (2)  that  phos- 
I^orescence  does  not  depend  on  the  living  cell,  since  many  of  the  dried 
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bacteria  which  can  still  phosphoresce  idien  moistened  will  give  rise  to 
no  new  colonies. 

The  question  may  now  be  raised  as  to  whether  bacteria  whose  struc- 
ture has  been  completely  destroyed  by  grinding  in  the  dry  state  will 
phosphoresce  on  moistening.  Oxidation  can  not  take  place  so  long  as 
water  is  absent.  Experiment  shows  that  they  will  not  phosphoresce, 
as  the  following  procedure  indicates:  Luminous  bacteria  dried  on 
glass  wool  are  powdered  in  a  porcelain  mortar  and  divided  into  two 
equal  parts,  A  and  B.  A  was  then  ground  in  the  porcelain  mortar  for 
20  minutes  with  pure  quartz  sand;  B  was  thoroughly  mixed  in  another 
mortar  with  an  equal  volume  of  sand,  previously  groimd  for  20  minutes, 
and  exposed  to  the  air  during  the  time  of  grinding  A.  In  this  way  the 
effect  of  quarts  powder  or  the  possibility  of  absorbing  moisture  from 
the  air  would  be  the  same  for  the  imground  bacteria  B  or  the  ground 
bacteria  A.  On  moistening  B  with  sterile  searwater,  a  good  phosphor- 
escence appeared,  while  ihe  groimd  material  gave  no  light  with  sear 
water.  I  have  repeated  the  experiment  with  the  same  result  and  feel 
that  there  are  no  possible  sources  of  error.  Microscopic  examination 
shows  the  sand  to  be  groimd  to  the  sice  of  the  bacteria  or  smaller  and 
it  is  well  known  that  even  the  smallest  cells  may  be  broken  up  by 
grinding  with  sand.  I  find  that  the  dried  luminous  organs  of  the  fire- 
fly likewise  lose  their  power  to  phosphoresce  if  thoroughly  ground  with 
sand.  This  result  differs  from  that  of  McDermott  (21),  who  finds  that 
firefly  tissue  can  be  frozen  and  gro\md  in  liquid  air  without  losing  its 
power  to  phosphoresce.  Both  A  and  B  were  inoculated  on  agar 
nutrient  medium.  The  ground  bacteria,  A,  gave  rise  to  no  Imninous 
colonies,  while  the  \mground  bacteria,  B,  did  develop  several  limiinous 
colonies — ^further  proof  that  the  ground  bacteria  were  wholly  broken  up 
and  destroyed. 

EFFECT  OF  LACK  OF  OXYGEN. 

Many  observers  have  shown  that  if  luminous  bacteria  are  suspended 
in  sea-water  and  the  oxygen  removed  the  light  disappears  and  again 
returns  when  oxygen  is  readmitted.  Will  the  light  reappear  if  the 
cells  are  in  the  meantime  cytolyzed?  I  have  made  many  attempts  to 
obtain  extracts  of  cells  broken  up  in  absence  of  oxygen  which  would 
give  light  if  oxygen  were  readmitted.  All  these  efforts  have  failed. 
The  result  might  have  been  anticipated  by  the  work  of  MacFadyen  (27), 
who  foxmd  that  luminous  bacteria  subjected  to  the  action  of  liquid  air 
did  not  phosphoresce  at  that  low  temperature,  but  did  phosphoresce  as 
soon  as  warmed  again;  further,  that  if  the  cells  were  broken  up  by 
grindmg  at  the  temperature  of  Uquid  air,  there  was  no  phosphorescence 
on  rewarming.  MacFadyen  worked,  however,  in  the  presence  of  oxy- 
gen and  moisture,  and  we  might  suppose  that  a  slow  oxidation — too 
slow  to  produce  light — ^went  on  in  the  material  broken  up  at  low  tem- 
peratures with  consequent  exhaustion  of  the  photogenic  material. 
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In  my  experiments  the  moist  bacteria  have  been  broken  up  (cjrto- 
lyzed)  in  absence  of  oxygen  by  (1)  oxygen-free  distilled  water  and 
(2)  toluol.  All  marine  cells  can  be  cytolyzed  by  distilled  water  or  fat 
solvents. 

In  the  first  method  a  dense  mass  of  bacteria  are  placed  in  a  vessel 
from  which  the  air  is  exhausted  by  an  air-pump  (see  apparatus,  p.  195). 
The  bacteria  stop  glowing,  but  reglow  if  air  is  again  admitted.  Then 
oxygen-free  distilled  water  is  allowed  to  flow  onto  the  bacterial  mass 
and  it  is  thoroughly  shaken.  No  light  appears  (indicating  that  the 
water  is  oxygen-free),  and  5  to  10  minutes  later,  if  oxygen  is  added, 
still  no  light  is  emitted.  If  there  is  a  definite  soluble  photogenic  sub- 
stance in  the  bacterial  cell  it  should  have  i>assed  into  solution  in  the 
water  when  the  cell  was  cytolyzed,  and,  provided  no  decomposition 
took  place,  it  should  have  glowed  when  oxygen  was  readmitted.  Even 
if  we  assume  that  the  cell  was  not  completely  cytolyzed,  the  photogen, 
if  a  stable  substance,  although  one  unable  to  pass  the  cell  surface, 
should  have  glowed  within  the  cell. 

In  the  second  method  a  dense  emulsion  of  the  bacteria  in  sea-water 
is  rendered  non-luminous  by  removing  the  oxygen.  Then  a  drop  of 
toluol  is  added  without  admitting  oxygen  (air).  The  emulsion  is 
diaken  and  no  light  appears.  In  a  few  minutes  air  is  admitted  and 
still  no  light  appears.  Similar  experiments  with  ether,  chloroform, 
and  carbon  tetrsichloride  gave  similar  results.  Thus  if  the  cells  are 
broken  up  the  photogen  disappears  even  though  it  has  not  been  oxi- 
dized, for  no  oxygen  was  present.  The  toluol  itself  does  not  destroy 
the  photogenic  substance,  as  evidenced  by  the  treatment  of  dried 
bacteria  with  toluol.  Luminous  bacteria  in  oxygen-containing  sea- 
water  to  which  a  drop  of  toluol,  ether,  chloroform,  or  carbon  tetra- 
chloride is  added  very  quickly  stop  phosphorescing.  I  explain  this  as 
due  to  the  fact  that  on  cytolysis  of  the  cell  the  oxidation  processes  run 
riot  and  the  available  store  of  photogen  is  rapidly  used  up.  The  same 
explanation  may  be  applied  to  the  loss  of  light  in  distilled  water.  We 
may  compare  the  conditions  in  bacteria  to  the  conditions  in  a  potato 
cell.  When  the  cells  of  the  potato  are  crushed  or  when  their  surface 
is  destroyed  by  toluol  or  ether  or  chloroform,  dark  melanin  oxidation 
products  are  rapidly  formed,  but  if  the  potato  is  cut  and  the  cut  cells 
well  washed  to  free  them  of  their  cell-contents,  no  blackening  occurs, 
although  the  lower  intact  cells  at  the  cut  surface  are  exposed  to  atmos- 
pheric oxygen  and  only  separated  from  it  by  their  plasma  membranes. 
A  destruction  of  these  membranes  would  immediiately  cause  oxida- 
tions within  to  proceed  rapidly. 

The  conclusion  drawn  from  the  above  experiments  has  been  con- 
firmed by  allowing  oxygen-free  searwater  to  come  in  contact  with  dried 
bacteria  in  a  hydrogen  atmosphere.  If,  after  15  minutes,  oxygen  is 
admitted,  no  glow  is  observed,  although  dried  bacteria  instantly  glow 
for  a  short  time  if  moistened  with  oxygenated  sea-water. 
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All  the  above  experiments,  then,  point  to  the  ccmchision  that  if  the 
cell  is  brcdLen  up  while  moist  or  if  the  dead  cells  stand  in  contact  with 
water  for  any  length  of  time,  even  though  no  oxygen  be  presait,  nev^- 
theless  the  photogenic  substance  undergoes  decomposition,  a  coDr 
elusion  in  harmony  with  my  woric  and  that  of  McDermott  on  the 
firefly.  As  we  have  seen,  extracticm  of  the  dried  fir^y  luminous 
organs  with  oxygen-free  solvents  will  give  no  phoephorescttit  solutions 
on  admitting  oxygen,  because  of  this  instability  of  the  photogen 
(p.  196).  On  the  other  hand,  ihe  substances  in  Cypridtna  extract  are 
stable  in  oxygen-free  water  (see  p.  176). 

In  the  normal  living  bacterial  cell  (or  fir^y  cell)  I  assume  the  i^oto- 
gen  to  decompose  throuj^  oxidation  with  light-production.  If  the 
living  bacteria  are  kept  in  sea-water  f rc»n  which  all  oxyg^i  has  been 
removed  and  they  stop  glowing,  they  will  still  glow  stroni^y  if  oxyg^i 
is  readmitted,  even  after  a  period  of  24  hours.  It  is  therefore  obvious 
that  the  breaking-up  of  the  photogen  in  iJ)sence  of  oxygen  does  not 
occur  in  the  intact  bacteria,  but  only  in  those  idioee  normal  ''structure" 
has  been  destroyed  by  cytolysis.  I  am  inclined  to  believe  that  the 
surface  layer  of  the  cell  is  the  ''structure"  involved. 

PHOTOGENIN  AND  PHOTOPHELEIN. 

As  we  have  just  seen,  the  light  of  a  mass  of  bacteria  disappears  almost 
instantly  if  they  are  broken  up  by  any  of  the  usual  cytolytic  agents. 
This  result  is  no  doubt  due  to  the  fact  that  they  continually  bum 
their  light-producing  substances  as  soon  as  they  manufacture  them. 
The  substances  are  therefore  present  in  very  small  quantity.  For 
this  reason  we  might  expect  to  fail  in  demonstratmg  the  existence  of 
photogenin  and  photophelein,  although  we  must  remember  that  forms 
like  Cavemutaria,  which  contain  a  large  amount  of  luminous  material, 
also  fail  in  showing  the  photogenin-photophelein  reaction. 

Since  it  is  practically  impossible  to  grind  the  luminous  bacteria  in 
sea-water  and  so  prepare  an  extract  of  photogenin,  we  are  forced  to 
prepare  our  extract  by  cytolyzing  with  distilled  water  and  thus  obtain 
a  dark  solution  containing  swollen  suspended  bacteria.  This  fluid  will 
give  no  light,  however,  on  adding  a  suspension  of  bacteria  heated  to 
boiling.  Thinking  that  bacterial  photophelein  as  well  as  photogenin 
might  be  destroyed  by  boiling  temperature,  I  tried  heating  to  lower 
temperatures,  W,  80°,  70'',  eO"*,  and  W,  for  2  minutes,  but  in  no  case 
did  light  appear  on  mixing  with  photogenin.  Neither  did  these  solu- 
tions give  light  on  mixing  with  firefly  photogenin,  but  we  can  obtain 
light  from  a  bacterial  photophelein  prepared  in  the  following  way: 
by  adding  absolute  alcohol  to  a  dense  mass  of  the  bacteria,  then  remov- 
ing the  alcohol  by  centrifuging,  and  quickly  drying  by  evaporation  in 
vacuo.  The  resultant  powder  gives  no  light  with  water,  but  does 
cause  firefly  photogenin  to  phosphoresce  very  faintly.    Similar  material 
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prepared  with  acetone  instead  of  alcohol  gave  no  light  with  firefly 
photogaun.  In  ord^  to  obtain  a  bacterial  powder  which  will  give 
li^t  with  firefly  photogenin  it  is  necessary  to  remove  the  alcohol  and 
dry  as  quickly  as  possible;  otherwise  the  photophelein  is  destroyed. 

Addition  of  ether  to  a  mass  of  Imninous  bacteria  causes  the  light  to 
disappear  rapidly  and  it  is  possible  that  the  photogenin  is  destroyed 
by  ether  and  not  the  photophelein;  but  bacteria  so  treated,  after  the 
ether  had  been  evaporated  by  a  current  of  air,  gave  no  light  with 
firefly  photogenin.  N^ative  results  were  obtained  also  with  an  alka- 
line (m/12  KOH)  extract  of  luminous  bacteria  neutralized  with  HCl. 
A  precipitate  of  nudeoprotein  (7)  is  produced  on  neutralization. 
Apparently  the  bacterial  photophelein  is  formed  in  such  small  quan- 
tities from  its  precursor  or  is  so  unstable  that  all  methods  of  obtaining 
it  have  failed,  with  the  exception  of  the  rapid  precipitation  by  alcohol. 


Table  14. 


Organism. 

Obaerver. 

Minimum. 

Maximum. 

Bacterium  phosphorefloens 

Bactenum  phoephoreum 

Light  bacteria 

Lehmami... 
MoUflch .... 
Tarchanoff . . 

-12 
-5 

-7 

39.5 

28 

37-50 

TEMPERATURE. 

The  temperatures  shown  in  table  14  have  been  recorded  for  the 
extinction  of  the  light  of  luminous  bacteria  (28).  The  variations  in 
the  results  suggest  that  further  observations  were  desirable.  Accord- 
ingly luminous  bacteria,  isolated  from  fish,  were  grown  on  absorbent 
cotton  saturated  with  beef-broth-peptone-glycerol  culture  medium. 
Free  access  of  air  between  the  cotton  fibers  supplies  the  conditions  for 
a  brilliant  light  and  at  the  same  time  an  excellent  means  of  handling 
the  bacteria.  A  wisp  of  cotton  strongly  phosphorescent  with  bacteria 
was  placed  in  a  very  thin-walled  glass  tube  about  2  mm.  in  diameter 
and  attached  to  a  thermometer  bulb  as  for  melting-point  determina- 
tions. On  slowly  raising  the  temperature,  the  light  (to  a  dark-accus- 
tomed eye)  becomes  dim  at  30^,  very  dim  at  34^,  and  disappears  at  38^. 
On  slowly  lowering  the  temperature  the  light  weakens  at  O*',  is  very 
dim  at  —7°,  and  disappears  at  — 11.5°.  These  values  agree  best  with 
those  given  by  Lehmann  for  Bacterium,  phosphorescens  and  do  not 
greatly  exceed  the  usual  temperature  limits  of  activity  of  organisms. 

Bacteria  raised  to  38®,  and  then  cooled,  phosphoresce  only  very 
dimly,  but,  as  first  observed  by  MacFadyen  (27),  again  glow  brilliantly 
at  room  temperature  even  after  an  exposure  to  liquid  air. 
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OXIDASE  AND  CATALASE. 

Many  enzymes  are  found  in  bacteria  in  a  condition  which  defies 
extraction  except  by  means  of  the  Bttchner  press,  and  it  is  difficult  to 
obtain  luminous  bacteria  in  sufficient  quantity  for  this  method.  The 
oxidases  seem  to  be  contained  in  these  bacteria  in  this  endoenzyme 
condition.  All  my  efforts  to  obtain  an  oxidase  in  solution  which  will 
oxidise  the  common  oxidase  reagents — guaiac,  o-napthol,  para-pheny- 
len  diamine,  phenolphthalin,  and  pyrogallol — have  failed,  even  though 
hydrogen  peroxide  is  added. 

Similar  results  have  been  obtained  by  other  workers.  Gessard  (29) 
showed  that  a  melanogenic  variety  of  Bacterium  pyocyaneum  would 
turn  tyrosin  brown,  but  he  was  unable  to  separate  a  solution  of 
tyrosinase  from  the  bacteria.  Lehmann  and  Sano  (ao)  foimd  also 
that  Actinomyces  chromogenes,  Bacterium  putidum,  and  B.  phosphor- 
eacens  would  oxidize  tyrosin  in  the  culture  medium,  but  Vibrio  indicue, 
which  phosphoresces  strongly,  Sardna  lutea,  B.  typhis  B.  coli^  and  many 
others  would  not.  They  found  in  addition  that  a  substance  oxidizing 
aloin  and  giving  a  very  weak  guaiac  reaction  could  be  extracted  from 
Actinomyces  chromogenes,  B.  putidum,  and  B.  phosphorescens  by  a  mix- 
ture of  two  parts  glycerine  to  one  of  water,  but  no  tyrosinase  reaction 
could  be  obtained  with  this  extract.  Here  also  the  tyrosinase  is  appar- 
ently in  an  endoenzyme  condition. 

As  we  shall  see  (p.  225)  the  vegetable  oxidases  are  capable  of  oxidiz- 
ing pyrogallol  with  light-production,  but  many  attempts  to  produce 
light  with  pyrogallol  and  extracts  of  luminous  bacteria  failed. 

Catalase  also  occurs  in  the  luminous  bacteria  with  which  I  worked, 
but  in  small  amount. 

LUMINOUS  BACTERIA  AND  OSMOTIC  PRESSURE. 

Most  marine  animals  require  an  external  medium  of  some  definite 
osmotic  pressure,  and  they  will  not  live  below  this  limit;  some  marine 
forms  {Fundulus)  are  independent  of  an  external  osmotic  pressure. 
Luminous  bacteria  belong  to  the  first  category,  as  indicated  in  table  15. 
They  will  not  live  in  dilute  sea-water,  but  they  will  live  in  it  if  its 
osmotic  pressure  is  raised  by  some  inert  substance  like  isotonic  cane- 
sugar.  Note  also  that  some  salt  is  necessary  for  the  continued  pro- 
duction of  light,  as  the  bacteria  no  longer  glow  after  24  hours'  inuner- 
sion  in  m  sugar,  a  fact  of  no  great  surprise,  as  unicellular  fresh-water 
luminous  animals  are  unknown. 

In  these  experiments,  as  well  as  those  with  the  salts  of  sea-water, 
acid  and  alkalies,  and  alcohols,  one  drop  of  a  dense  emulsion  of  lumi- 
nous bacteria  (a  form  isolated  from  squid  at  Woods  Hole,  Massachu- 
setts) was  added  to  30  c.c.  of  solution  in  an  uncorked  Erlenmeyer  flask 
and  the  whole  thoroughly  mixed.  For  comparative  observations  it  is 
essential  that  the  eye  be  thoroughly  adapted  to  the  dark  and  that  each 
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flask  be  oxygenated  by  shaking,  before  judging  as  to  the  emission  or 
absence  of  li^t.  Observations  were  made  after  10  minutes,  1  hour, 
and  24  hours. 


Tabt.e  15- 

-Effect  of  dilution  of  aea-waier  xcith  water  and  with  m 

cane-sugar  soltUion. 

Dilution  with  water. 

Dilution  with  m  cane-sugar. 

Parts 

Parts 

Light  after — 

Parts 

Parts  m 

Light  after — 

sea- 
water. 

water. 

10  min. 

1  hotir. 

24  hours. 

sea- 
water. 

sugar. 

lOmin. 

Ihour. 

24  hours. 

2 

1 

+ 

+ 

+ 

2 

1 

+ 

+ 

+ 

1 

Faint. 

Faint. 

— 

1 

+ 

+ 

+ 

2 

Faint. 

Very  faint. 

— 

2 

+ 

+ 

+ 

4 

Faint. 

— 

— 

4 

+ 

+ 

Faint. 

6 

Very  faint. 

— 

— 

6 

+ 

+ 

Faint. 

10 

— 

— 

— 

10 

+ 

+ 

Faint. 

14 

— 

— 

— 

14 

+ 

+ 

— 

20 

— 

— 

— 

20 

+ 

+ 

— 

Se»-water 

+ 

+ 

+ 

m  cane-sugar. . . 

+ 

+ 

— 

Water 

^^ 

^" 

^^ 

LUMINOUS  BACTERIA  AND  BALANCED  SOLUTIONS. 

Not  only  must  luminous  bacteria  be  bathed  with  a  certain  concen- 
tration of  salts,  but  any  salt  of  sear-water  is  not  sufficient.  It  must  be 
a  particular  salt,  although  luminous  bacteria,  as  indicated  in  table  16, 

Table  16. — Effect  of  variouB  combinations  of  the  salts  of  seoHJoater. 


Salt  combinations. 


Artificial  sea-water,  m/2(100  NaQ  +2.2  KCl 
+2  CaCli+  10  MgCls)  +n/4000  NaOH. . . 

Neutral  artificial  sea-water 

m/2Naa 

m/^  KCl 

m/8  CaClf 

m/B  MgCls 

m/i(100  NaCl+2.2  KCl) 

m/2(100  Naa+2  CaClj) 

m/2(100  NaCl+10  MgCli) 

mi^dOO  NaCl+2.2  KCl +2  CaClt) 

m/2(100  NaCl+2.2  KCl +10  MsCls) 

m/^(100  NaCl+2  CaCli+10  MgCls) 


Light  af tei 


10  min. 


+ 

+ 

+ 
+ 
+ 


+ 

+ 
+ 
+ 
+ 
+ 


1  hour. 


+ 

+ 

+ 

+ 

Faint. 


+ 

+ 
+ 
+ 
+ 
+ 


24  hours. 


+ 
Faint. 
Faint. 


Faint. 
Faint. 
Faint. 
Faint. 
Faint. 
Faint. 


are  not  so  affected  by  the  pure  monovalent  cations  of  sea-water  as 
are  most  cells. 

Note  the  independence  of  these  bacteria  of  a  balanced  medium. 
The  bacteria  Uve  and  phosphoresce  in  pure  NaCl  without  the  addition 
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of  any  bivalent  ions.  This  is  true  even  when  the  scdution  is  changed 
three  times  to  remove  the  last  traces  of  Ca  in  the  scdution.  KCl  is 
also  relatively  non-toxic,  although  more  so  than  NaCL  CaCls  and 
MgCU  are  very  toxic  when  alone.  All  combinations  of  NaCl  with  the 
other  ions  of  sea-water  sustain  the  bacteria  well,  except  that  they  are 
neutral  media,  and  hence  the  phosphorescence  is  dinuned  after  24  hours. 
That  pure  NaCl  should  have  so  Uttle  effect  on  light-production  is  aston- 
ishing when  we  consider  its  poisonous  effect  on  other  marine  organisms 
and  tissues,  particularly  on  ciliated  cells. 

Table  17.— Effect  of  acid  and  alkali. 


Concentration  of  add  and  alkali  added  to  Mg- 

free  sea-water,  m/2(100  NaCl +2.2  Ka  + 

2  CaCl})  in  Syracuse  watch  dasees. 


n/2000HCl 

n/4000HCI 

n/8000HCI 

n/16000HCl 

n/32000HCI 

n/500  valerianic  add . . 
n/1000  valerianic  add. 
n/2000  valerianic  add . 
n/4000  valerianic  add 
n/8000  valerianic  add . 
n/16000  valerianic  add 

n/500  NaOH 

n/1000  NaOH 

n/2000  NaOH 

n/250  methyl  amine. . . 
n/500  methyl  amine . . . 
n/1000  methyl  amine . . 
n/2000  methyl  amine . . 
Mg-free  sea-water.  . . . 
Sea-water 


Light  after — 


10  min. 


Faint. 

-f 
■f 
-f 

Faint. 
Faint. 

+ 
+ 
■f 


Faint. 
Faint. 

+ 
+ 
+ 


I  hour. 


Faint. 

+ 
+ 


Faint. 

+ 


+ 
+ 
■f 
+ 


24  hours. 


Faint. 


Faint. 

Faint. 

+ 

Faint. 
Faint. 

+ 
Faint. 

+ 


EFFECT  OF  ACIDS  AND  ALKALIES. 

As  NaOH  precipitates  the  Mg  of  an  artificial  sea-water,  it  is  always 
necessary  to  use  Mg-free  sea-water  in  order  that  the  concentration 
of  NaOH  may  not  be  reduced.  The  acids  were  also  added  to  a  neutral 
artificial  Mg-free  sea-water  as  well  as  the  alkalies,  in  order  to  obtain 
comparative  results.  Table  17  gives  the  results.  The  return  of  light 
in  n/1000  NaOH  and  n/500  methyl  amine  after  24  hours  was  possibly 
due  to  neutralization  of  alkali  through  absorption  of  CO2. 

As  was  to  be  expected,  acids  and  alkalies  were  found  to  prevent  light 
emission  in  very  weak  concentration,  the  acids  in  much  weaker  con- 
centration than  the  alkalies.  In  fact,  the  bacteria  are  very  sensitive 
to  acid  and  will  not  even  phosphoresce  with  any  brilliancy  in  a  neutral 
medium. 
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The  organic  acid  (valerianic)  and  alkali  (methyl  amine)  have  less 
effect  than  the  inorganic,  a  result  at  variance  with  my  results  for 
(Aher  (M^anisms  which  are  usually  affected  more  readily  by  the  weak 
than  by  the  strong  acids  and  alkalies  (12  and  is). 

EFFECT  OF  HOMOLOGOUS  ALCOHOLS  (ANESTHETICS). 

As  is  indicated  in  table  18,  the  effect  of  the  alcohols  on  light-produc- 
tion is  very  similar  to  their  effect  on  other  life  processes;  they  exert  an 
inhibitmg  or  anesthetic  action  which  is  perfectly  reversible.    If  alcohol 

Table  lS,Sffecl  of  akohoU. 


Conoentration  of  alcohol  added  to 


Methyl  aloohol.  2m 

HCHsOH,  l^m 

HCHsOH,  m 

HCHiOH,  m/2 

HCHsOH,  m/3 

Eithjrl  alcohol,  m 

CHiCHsOH,  m/1.5 

CHtCHsOH,  m/2 

CHiCHsOH,  m/3 

Propyl  alcohol,  m/d 

CHiCHsCHsOH,  m/4 

CHtCHsCHiOH,  m/6 

CHiCHsCHsOH,  m/8 

CHiCHsCHfOH,  m/15 

laobatyl  alcohol,  m/10 

(CHi)sCHCHsOH,  m/12. . . . 
(CHs)sCHCHK>H,  m/16. . . . 
(CHs)sCHCHsOH,  m/20, . . . 
(CHi)sCHCHsOH,  m/^. . . . 

Amyl  alcohol,  m^JO 

CsHiCHtCHCHiOH,  m/40. 
CsHiCHiCHCHsOH,  m^. 
CsH|CH«CHCHsOH,  m/100 
CsHiCHiCHCHsOH,  m/320 

Capryl  aloohol,  m/400 

CHs(CHs)iCHsOH,  m/SOO. . 
CHt(CHs)iCHsOH,  m/ieOO. 
CH9(CHt)iCHsOH,  in/3200. 
CHt(CHs)iCHsOH,  m/6400. 


Light  aftei^ 


10  min. 


+ 
+ 
+ 

Very  faint. 

+ 

Very  faint. 
Faint. 

+ 
+ 

Very  faint. 

+ 
+ 
+ 


Very  faint. 
Faint. 

+ 

Very  faint. 
Faint. 
Faint. 

+ 
+ 


1  hour. 


Very  faint. 
Faint. 

+ 


Faint. 


Very  faint. 
Faint. 


Very  faint. 

+ 

Very  faint.^ 
Very  faint.' 

+ 

Very  faint. 
Faint. 
Faint. 

+ 
+ 


24  hours. 


+ 
+ 


Faint. 

+ 


+ 
+ 


+ 
+ 


'Probably  due  to  evaporation  of  aloohol. 

flohiticms  containing  bacteria  which  have  stopped  emitting  light  are 
dihited  with  sea-water,  light-production  again  begins.  As  with  other 
tisBueSy  the  hi^^ier  the  alcohol  in  the  series  the  greater  anesthetic  power 
it  has. 

The  effect  of  a  number  of  other  substances  was  studied  in  a  very 
rough  way,  namely,  by  adding  a  small  quantity  of  the  substance  to 
a  searwater  emulsion  of  the  bacteria  in  test-tubes  and  then  shaking 
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the  tubes.  With  toluol,  benzol,  ether,  chloroform,  carbon  disulphide, 
carbon  tetrachloride,  and  ethyl  butjnrate  the  light  was  found  to  disap- 
pear almost  inmiediately ;  with  tannin,  chloral  hydrate,  vanillin,  and 
sodium  glycocholate  the  light  had  disappeared  in  the  coiu'se  of  an  hour, 
while  saponin,  amygdalin,  and  sodium  taurocholate  had  no  effect.  It 
is  surprising  that  saponin  has  no  effect  on  luminous  bacteria  when  we 
consider  its  great  cytolytic  power  on  other  forms  in  very  small  con- 
centration. 

EFFECT  OF  POTASSIUM  CYANIDE. 

As  is  the  case  with  other  luminous  forms,  KCN  has  a  surprisingly 
small  effect  on  the  light-production  of  luminous  bacteria  as  compared 
with  its  effect  in  supressing  certain  oxidations  of  many  animals.  The 
results  are  expressed  in  table  19. 

Table  19. — Effect  of  potassium  cyanide. 


Concentration  of 
KCN  in  sea-water. 

Light  after — 

10  min. 

1  hour. 

24  hours. 

m/40 

Faint. 

Faint. 

Fair. 

+ 

+ 
+ 

Very,  very  faint. 

Very  faint. 

Fair. 

+ 
+ 
+ 
+ 

+ 

m/80 

m/160 

m/320 

m/640 

m/1280 

ni/2o60 

Sea-water 

In  m/40  KCN  the  light  disappears  in  6  minutes,  and  if  the  solution 
is  now  diluted  with  sea-water  the  light  returns.  The  effect  is  there- 
fore an  inhibition  and  reversible. 

SUMMARY  OF  RESULTS  FROM  LUMINOUS  BACTERIA. 

1.  Luminous  bacteria  which  have  been  rapidly  dried  over  calciimi 
chloride  in  a  vacuum  will  phosphoresce  if  moistened  with  oxygen-free 
water.  Drjdng  does  not  kill  all  bacteria,  but  does  kill  most  of  them. 
Hence  phosphorescence  does  not  depend  on  the  living  cell. 

2.  Dried  bacteria,  if  finely  ground  with  sand,  will  no  longer  phos- 
phoresce when  moistened.  None  of  the  ground  bacteria  can  grow. 
Phosphorescence  does  depend  upon  the  integrity  of  some  structure  in 
the  cell. 

3.  Dried  bacteria  extracted  with  ether  or  toluol  will  still  phosphoresce 
if  moistened  and  may  develop  colonies  on  a  suitable  cultxure  medium. 
Consequently  neither  ether  nor  toluol  destroy  the  photogen. 

Bacteria  in  oxygenated  sea-water  to  which  ether  or  toluol  is  added 
stop  phosphorescing,  presumably  because  the  photogenic  substance 
is  rapidly  oxidized  and  used  up  when  the  bacterial  cell  is  cytolysed. 
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Bacteria  in  oxygen-free  sea-water  do  not  glow,  but  will  glow  if  oxygen 
is  admitted,  even  after  a  period  of  24  hours.  Bacteria  in  oxygen-free 
sea-water  to  which  toluol  or  ether  is  added  will  not  glow  if  oxygen  is 
readmitted  after  15  minutes.  Hence  the  phosphorescent  substance 
undergoes  decomposition  in  the  absence  of  oxygen,  a  decomposition 
not  due  to  the  toluol  (compare  the  first  statement  in  section  3),  but 
probably  due  to  the  action  of  some  other  substance. 

4.  Moist  luminous  bacteria  to  which  oxygenated  distilled  water  is 
added  cease  glowing,  presumably  because  the  photogen  is  rapidly 
oxidised  and  used  up  when  the  bacterial  cell  is  cytolyzed. 

Moist  bacteria  to  which  oxygen-free  distilled  water  is  added  will  not 
g^w  even  momentarily  if  oxygen  be  readmitted  after  15  minutes,  a 
result  again  pointing  to  instability  of  the  photogen  when  the  cell- 
structure  is  affected  by  cytolysis. 

5.  Dried  bacteria  placed  in  oxygenated  sea-water  phosphoresce 
momentarily,  but  if  chied  bacteria  stand  in  contact  with  oxygen-free 
sea-water  for  15  minutes,  no  phosphorescence  occurs  when  the  oxygen 
is  admitted.  Again  (as  in  sections  3  and  4)  the  photogen  has  decom- 
posed. It  is,  therefore,  impossible  to  extract  a  phosphorescent  sub- 
stance from  bacteria  with  oxygen-free  aqueous  solvents. 

6.  Fat  solvents  extract  nothing  which  will  phosphoresce  from  the 
dried  bacteria.  Some  of  the  bacteria  survive  and  will  grow  after  such 
extraction.  Boiling  alcohol,  cold  acetone,  and  ethyl  butjnrate  destroy 
the  power  to  phosphoresce. 

7.  Dried  bacteria  do  not  lose  their  power  to  phosphoresce  after  24 
hours'  extraction  with  cold  absolute  alcohol,  but  moist  bacteria  (centri- 
fuged)  treated  with  50  volumes  of  absolute  alcohol,  and  then  dried 
rapidly,  will  not  again  phosphoresce  if  moistened. 

8.  All  attempts  to  separate  the  photogenic  substance  of  luminous 
bacteria  into  photogenin  and  photophelein  have  failed,  due  possibly  to 
the  small  amounts  of  these  substances  present  at  any  one  time. 

0.  A  photophelein  can  be  prepared  by  absolute  alcohol  which  will  give 
a  faint  light  with  firefly  photogenin,  but  attempts  to  obtain  light  with 
firefly  photophelein  and  bacterial  photogenin  prepared  in  various  ways 
have  failed. 

10.  The  upper  temperatxue-limit  for  luminescence  is  38^;  the  lower 
18  —11.5^.  Bacteria  heated  to  38^  and  cooled  give  only  a  faint  light, 
but  bacteria  will  glow  strongly  if  first  cooled  to  liquid-air  temperature 
and  then  raised  to  room  temperature. 

11.  Oxidases  for  guaiac,  o-napthol,  para-phenylen  diamine,  phenol, 
phenolphthalin,  pyrogallol,  or  indo-phenol  formers,  if  present,  are 
present  in  an  endoenzjrme  condition.  Catalase  exists  in  luminous 
bacteria. 

12.  Luminous  bacteria  can  not  live  if  the  osmotic  pressure  of  the 
medium  fall  below  a  certain  value  or  if  the  salt-content  of  the  mediimi 
fall  below  a  certain  value. 
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13.  Luminous  bacteria  will  live  for  over  24  hours  in  pure  m/2  NaCl 
or  any  sea-water  salt  mixtures  containing  both  monovalent  and  dival^it 
cations.  They  will  live  for  over  an  hour  in  m/2  KCl,  but  the  li^t 
disappears  instantly  in  m/3  CaCls  or  m/3  MgCU. 

14.  Luminous  bacteria  will  just  live  for  slightly  over  an  hour  in 
n/8y000  HCl,  n/4,000  valerianic  acid,  and  will  live  for  ova*  24  hours 
in  n/1000  NaOH  and  n/500  methyl  amine.  The  best  light  is  given 
on  the  alkaline  side  of  neutrality,  about  ihe  alkalinity  of  sea-water. 

15.  The  homologous  aliphatic  monohydric  alcohols  produce  true 
reversible  inhibition  or  anesthesia  of  light-production.  The  concen- 
trations which  inhibit  light-production  in  10  minutes  are:  methyl 
alcohol,  2  m;  ethyl,  m;  propyl,  0.25  m;  isobutyl,  0.08  m;  amyl, 
0.025  m;  capryl  or  octyl,  0.002  m. 

16.  KCN  has  very  little  effect  on  light-production.  The  li^t  is 
only  slightly  affected  in  m/320  concentration  in  one  hour. 

STUDIES  ON  A  SQUID.  WATASENIA  SCINTILLANS. 

GENERAL  CHARACTERISTICS  OF  LIGHT-PRODUCTION. 

The  structure  of  the  luminous  organs  and  the  habits  of  this  form 
have  been  well  described  by  Ishikawa  (si)  and  Sasaki  ($2).  The  organs 
are  found  on  the  tip  of  the  ventral  arms  (3  in  number),  on  the  eyeball 
(5  in  nimiber),  and  over  the  ventral  surface  of  the  body  (many).  Only 
those  of  the  arm-tips  are  brilliant  enough  to  make  chemical  studies 
feasible.  Their  light  is  a  brilliant  bluish  white  like  that  of  Cypridina. 
The  intensity  is  high,  but  is  no  doubt  due  in  large  part  to  the  reflectors 
present  in  the  gland.  The  Ixuninous  material  is  biuned  within  the 
cells.  The  animal  is  a  deep-sea  form,  coming  to  ihe  surface  near  shore 
to  breed  in  certain  bays  of  the  Japanese  coast,  notably  Toyama  Bay. 
The  surface-water  of  this  bay  is  brackish  and  ihe  animals  will  not  live 
in  it  for  even  one  hour.  The  deeper  waters  of  the  bay  are  more  salty 
and  in  these  the  squid  will  live  for  a  longer  time  if  ihe  water  is  changed 
to  remove  the  poisonous  ink.  If  oxygen  be  forced  through  fine  pores 
into  the  water,  the  squid,  as  Professor  Shoji,  of  Kyoto  University,  has 
shown,  will  live  perhaps  8  hours,  but  this  is  the  maximum.  It  will  be 
seen,  therefore,  that  the  animal  is  extremely  delicate  and  it  is  not  sur- 
prising to  find  it  of  little  value  for  chemical  research.  The  arm-tip 
light-organs  respond  only  to  stimulation  and  the  response  disappears 
in  5  to  10  minutes  after  the  animals  are  removed  from  sea-water.  If 
the  arms  are  cut  off  and  placed  in  sea-water  the  light-producing  sub- 
stance entirely  disappears  in  30  to  60  minutes,  as  we  can  determine 
by  grinding  in  a  mortar.  No  light  appears.  The  arm-tip  light-organs 
become  exhausted  very  rapidly  if  continually  stimulated,  and  the  light 
disappears  very  quickly  after  the  organs  have  been  ground  in  a  mortar 
with  water  or  sea-water. 
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The  light  of  the  skm-organs  scattered  over  the  ventral  surface  lasts 
much  longer,  and  even  after  removal  from  the  sea-water  for  1  hoiur 
th^  will  give  a  light  which  is  more  yellowish  if  stimulated  electrically. 
The  response  is  localized  in  the  region  about  the  electrodes. 

The  eye-organs  are  diflScult  to  stimulate.  Their  light  is  weak  and 
gimilftT  to  that  of  the  skin-organs. 

The  squid  are  caught  at  night  in  enormous  numbers  during  April, 
May,  and  June  by  the  fishermen,  and  Professor  C.  Ishikawa  informs  me 
that  if  brought  into  a  dark  room  in  the  daytime  they  give  light.  The 
squid  for  this  experiment  were  caught  at  3  a.  m.  and  tested  about 
8  a.  m. — i.  e.,  3  or  4  hours  after  daylight  had  appeared.  There  is  no 
inhibiting  influence  of  daylight  on  light-production,  as  described  by 
Peters  (4)  for  Ctenophorea  or  Moore  (5)  for  various  luminous  plankton 
forms.  Neither  have  I  observed  any  such  influence  of  light  with 
MonocenbriSf  Cypridina,  Cavemvlaria,  Pennatvla,  or  NodUuca. 

PHOTOGENIN  AND  PHOTOPHELEIN. 

An  extract  presumably  containing  Waiasenia  photogenin  can  be  pre- 
I>ared  in  the  usual  way  by  grinding  the  arm-tip  light-organs  in  a  mortar. 
As  already  mentioned,  the  light  fades  very  rapidly,  and  it  is  impossible 
to  again  obtain  light  by  mixture  with  the  boiled-tissue  extract  of  the 
squid  (or  with  tissues  heated  to  temperatures  below  boiling),  which 
presumably  should  contain  photopheleih.  Many  attempts  were  made 
to  obtain  the  photogenin-photophelein  reaction,  but  all  failed.  This 
result  is  probably  due  to  the  fact  that  Waiasenia  contains  more  photo- 
phdein  than  photogenin,  so  that  all  the  photogenin  is  used  up  when 
the  arm-tip  organs  are  ground.  At  least,  Waiasenia  contains  photo- 
phdein  which  will  give  light  with  firefly  photogenin,  whereas  the  firefly 
photophelein  will  give  no  li^t  with  Waiasenia  extracts  which  we  might 
sui>po6e  to  contain  photogenin  (p.  198). 

STUDIES  ON  A  FISH.  MONOCENTRIS  JAPONICA. 

Monoceniris  japonica  is  a  shallow-water  marine  fish  having  two 
light-organs — one  on  each  side  of  the  imder  surface  of  the  tip  of  the 
lower  jaw.  The  li^t  is  a  weak  glow  with  the  faintest  bluish  tinge  and 
is  continuous  and  of  almost  unvarying  intensity.  In  this  respect  it 
differs  from  most  fishes,  whose  light  is  a  series  of  flashes,  the  result  of 
stimulation  (Oshima,  ss).  The  steady  glow  of  the  organs  of  Jlfono- 
centris  can  be  observed  if  the  fish  is  removed  from  daylight  to  a  dark 
room.    The  structure  of  the  organ  has  never  been  investigated. 

If  the  organ  is  ground  in  a  mortar,  the  light  lasts  for  some  time,  but 
does  not  reappear  if  mixed  with  Monoceniris  photophelein.  Neither 
was  light  obtained  by  mixing  Monoceniris  photogenin  and  Cypridina 
photophelein  or  vice  versa,  but  as  material  was  scarce,  only  one  experi- 
ment was  performed,  and  these  results  must  not  be  considered  con- 
clusive. 
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STUDIES  ON  OXIDATIVE  CHEMILUMINESCENT  REACTIONS  WITH 

SUBSTANCES  OF  DEHNITE  COMPOSITION. 

HISTORICAL. 

Since  the  researches  of  Radziszewski  in  1877  (S4)  and  1880  (35)  on 
lophin  and  various  oils,  alcohols,  and  aldehydes,  we  have  come  to  rec- 
ognize an  ever-increasing  number  of  substances  which  will  luminesce 
under  appropriate  conditions  at  temperatures  approaching  those  com- 
patible with  life.  Lophin  (triphenylglyoxaline)  gives  an  especially  good 
light  with  alcoholic  potash  at  60^  C,  as  do  many  essential  oils.  Trautz 
(36)  has  added  other  substances  to  the  list  of  chemiluminescent  reac- 
tions. R.  Dubois  (S7)  discovered  the  luminescence  of  esculin,  a  ^u- 
coside  obtained  from  horse-chestnut  bark  and  chemically  a  combination 
of  glucose  and  esculetin. 

These  substances  all  require  fairly  strong  alkali,  although  I  have  a 
sample  of  bergamot  oil  which  gives  a  beautiful  light 
when  mixed  with  n/10  NaOH  at  20^  C.  and  a  faint        /  ^\    -"^  "^7 

light  at  5^  C.    At  20"*  C.  a  faint  light  appears  with      h  ^        o 1 

n/80  NaOH.    On  warming,  the  light  is  brighter. 
n/80  NaOH  is,  however,    incompatible  with  life,    qh 
Lophin  and  esculin  will  not  luminesce  except  with        \  / 
alcohoUc  NaOH  or  KOH.  o" 

McDermott  (s«)  has  described  the  production  of  E3cuietm. 

light  if  to  urine  is  added  some  99  per  cent  ECN  or  potassium  formate 
or  formaldehyde  and  then  a  strong  alkaline  solution  of  HsQs.  The 
substance  in  urine  responsible  for  this  effect  is  unknown.  He  describes 
light-production  upon  adding  strong  alkaline  HsQs  to  the  cleavage 
products  of  Witte's  peptone  or  glue  made  with  alkali  in  absence  of 
oxygen  and  to  which  a  little  commercial  formaldehyde  is  added.  (Note 
that  the  light  is  connected  in  these  cases  with  substances  found  in 
organisms.) 

Yille  and  Derrien  (39)  made  an  interesting  step  forward  when  they 
showed  that  lophin  would  luminesce  with  blood  and  HtOs,  and  Du- 
bois (10)  has  recently  discovered  that  esculin  also  will  give  light  with 
blood  and  H2O2.  The  blood  contains  an  oxygen  carrier,  hemoglobin, 
which  accelerates  the  oxidation  of  the  lophin  and  esculin.  I  can  confirm 
the  statement  of  Dubois  and  of  Ville  and  Derrien,  and  find,  also,  con- 
trary to  Dubois,  that  esculin  will  give  light  with  KIVIn04  and  H2O1. 
It  is  best  to  keep  the  temperature  about  60^  C.  I  found  also  that  esculin 
would  give  light  with  FeCls+H20i,  but  not  with  FeCU,  or  KMn04  or 
H2O2  alone,  nor  with  plant  extracts  rich  in  oxidases  (turnip,  potato, 
and  horseradish  root),  either  with  or  without  H2O2,  and  that  blood 
extract  still  retains  its  power  to  produce  light  with  lophin  after  boiling. 
This  is  not  surprising,  as  blood  will  also  oxidize  guaiac  after  boiling 
and  upon  addition  of  H2O2.  Ozonized  turpentine  can  take  the  place 
of  H2O2  in  oxidation  of  esculin. 
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Trautz  (sc)  has  shown  that  if  we  mix  35  c.c.  of  a  50  per  cent  KsCOs 
section,  35  c.c.  of  10  per  cent  p3rrogallol,  and  35  c.c.  of  35  per  cent 
formalddiyde,  and  to  this  mixture  add  50  c.c.  of  30  per  centH202,  a  glow 
occurs,  accompanied  by  much  foaming.  I  can  confirm  this  result^  and 
find  in  addition  that  when  the  glow  has  died,  if  we  add  some  KIVIn04,  a 
reddish  glow  again  appears.    The  tube  becomes  perceptibly  warm. 

It  is  not  necessary  to  use  such  strong  reagents  to  obtain  light  from 
oxidation  of  pyrogallol,  however,  for  a  very  weak  solution  of  pyrogallol 
will  give  a  bright  light  if  oxidized  imder  the  proper  conditions.  The 
oxidation  of  a  mixture  of  pyrogallol  +  H2OS  by  the  v^etable  oxidases 
occurs  with  the  production  of  light.  The  reaction  is  highly  interesting 
and  remarkable  for  the  following  reasons:  Perceptible  light  is  pro- 
duced with  the  concentration  of  pyrogallol  m/32,000 — i.  e.,  1  part  in 
254,000  parts  of  solution;  a  faint  li^t  is  produced  at  0^  C.  and  a  bright 
hf^t  at  10^  C;  KCN  inhibits  the  reaction  in  m/2,000  concentration; 
boiling  destrojrs  the  oxidase,  and  the  power  of  producing  light  just  as 
boiling  destrojrs  the  light-producing  power  of  organisms. 


THE  CHEMILUMINESCENCE  OF  PYROGALLOL 

It  has  been  known  for  a  long  time  that  p3rrogallol  takes  up  oxygen 
from  the  air  in  presence  of  alkaU  and  is  converted  into  brown  oxidation 
products  of  unknown  composition.  The  depth  of  brown  coloration 
(and  consequently  the  extent  of  oxidation)  depends  on  the  concentration 
of  alkali  added.  I  have  never  imder  any  conditions  obtained  light 
during  this  oxidation,  although  concentrations  of  alkali  ranging  from 
n  to  n/6,000  NaOH,  both  with  and  without  H2O2,  have  been  used.  It 
has  also  been  long  known  that  pjrrogallol  will  turn  brown  with  H2O2 
and  some  oxidizing  enzyme  from  organisms.  Purpurogallin,  a  sub- 
stance of  doubtful  composition  (CnHgOs  ?),  is  said  to  be  formed  and  the 
reaction  has  been  used  in  studying  oxidizing  enzymes  quantitatively. 
Only  if  H2Q2  be  present  will  this  reaction  produce  light.  It  is  similar 
to  the  oxidation  of  gum  guaiac  to  guaiacum  blue,  but  I  find  that  guaia- 
cum  blue  can  be  formed  imder  many  conditions  when  pjrrogallol  can 
not  be  oxidized  with  Ught-production.  Thus  hydrogen  peroxide  is 
necessary  for  light-production,  even  when  potato-juice  is  used  as  the 
oxidase  solution — i.  e.,  even  when  a  juice  is  used  containing  an  oxidase 
which  will  oxidize  guaiac  tincture  directly  (without  addition  of  H2O2). 
It  is  then  strictly  a  peroxidase  which  is  responsible.^    Blood  also  gives 

'The  differenoe  between  potato-juioe,  which,  oxidised  guaiao  without  addition  of  HtOt,  and 
turnip-juice,  which  requires  the  addition  of  HtOs»  appears  to  lie  in  the  fact  that  the  potato-juice 
contains  a  substance  which  oxidiiee  spontaneously  in  presence  of  oxygen  to  a  peroxide,  while 
the  turnip-juice  does  not.  Consequently,  we  must  add  a  peroxide  to  the  turnip-juice.  This 
spontaneously  oxidisable  substance  was  called  oxygenase  by  Bach  and  Chodat.  Both  juices 
contain  peroxidase.  The  "direct  oxidases"  (of  potato)  consist,  then,  of  peroxide  (oxygenase)  + 
peroxidaiBe,  while  the  "indirect  oxidases"  (of  turnip)  are  peroxidase  alone.  In  this  paper  oxidase 
is  used  as  a  general  name  for  an  oxidizing  ensyme  and  peroxidase  for  an  ensyme  transferring 
oxygen  from  a  peroxide  to  an  oxidisable  substance.  (See  the  account  of  this  subject  in  Bayliss's 
Prinetples  of  General  Physiol.,  1915, 584;  also  see  the  monographs  of  Kastle  (42),  Warburg  (Ergeb. 
d.  PhyaioL,  xiv,  253,  1914).  Batelli  and  Stem  (Ergeb.  d.  Physiol.,  xii,  96,  1912),  and  Bach  and 
Chodat  in  Abderfaalden's  "Biochemische  Arbeitsmethoden,  in,  No.  1,  p.  42.  Literature  lists  are 
grren  in  the  first  three  monographs.) 
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the  reaction  if  HsOs  is  present.    Catalase  takes  no  part,  and  may  be 
destroyed  by  heating  the  potato-juice  to  60^. 

Thinking  that  this  reaction  mi^t  throw  some  li^t  cm  hmiinr 
escence  in  organisms,  I  have  studied  it  in  some  detail,  with  espednl 
reference  to  the  substances  which  are  known  to  a£fect  li^t-producticm 
in  organisms.  It  is  the  oxidases,  similar  to  those  ^diich  blue  guaiac, 
that  are  concerned  in  the  light-production  of  pyrogallol  and  potato- 
juice,  but,  as  we  shall  see,  many  inorganic  catalyses  are  also  able  to 
oxidize  pyrogallol  with  light-production.  It  may  be  noted  in  passing 
that  although  light  can  be  produced  at  0^  C,  a  considerable  amoimt  of 
heat  is  given  off,  and  in  this  respect  the  oxidation  differs  markedly 
from  those  giving  light  in  organisms. 

Tabli  20. 


Coneeotrataon  of  pyro- 
gallol in  a   mixture 
which  contains  (after 
mixing)  50  per  cent 
potato-juioe  and  0.93 
per  ceot  H|Oi. 

Character  of 

lil^t  from 

the  nuxture. 

Coooeotration  of  pyro- 
gallol in  a  mixture 
iHiidi  ccmtains  (after 
mixing)  0.93  per  ceot 
HiOi  and  0.5  per  cent 
blood-extract. 

Character  of 

lil^t  from 
the  mixture. 

m/4 

Faint. 
Fair. 
Bright. 
Fair,  faint. 
Very  faint. 
None. 

m/40 

Faint. 

Bright. 

Fair. 

Faint. 

Very  faint,  none. 

None. 

*■*/  ^••" •• 

m/8 

m/80  tom/8000 

m/16000 

m/16  tom/8192 

m/16384 

m/32000 

m/d2768 

m/64000 

m/65536 

m/128000 

In  studying  the  reaction  I  have  used  mostly  pure  potato-juice  {%.  e., 
the  pressed,  unfiltered  extract  of  grated  potatoes,  strained  through 
cheese-cloth  and  decanted  from  the  starch-grains)  or  a  1  per  cent  ox- 
blood  extract  (t.  e.,  1  gram  of  dried  defibrinated  ox  blood  to  99  parts 
water)  added  to  an  equal  volume  of  a  half-and-half  mixture  of  m/100 
pyrogallol  and  3  per  cent  HsOs  (Merck's  perhydrol) .  The  experiments 
will  be  given  in  the  form  of  tables  or  data  imder  the  following  heads: 

1 .  Concentration  of  the  three  substances  necessary  for  light-production. 

2.  Substances  taking  the  place  of  blood  or  potato  oxidase,  pyrogallol, 

and  HsOs. 

3.  Effect  of  temperature  on  the  reaction. 

4.  Effect  of  KCN,  NaOH,  and  HCl. 

5.  Effect  of  fat-solvent  anesthetics. 

6.  Is  the  oxidase  a  catalyzer? 

1.  CONCSNTRATION  OF  THB  ThRBS  SuBSTANCBS  NbcBSSART  FOB  LlGBT-PRODUCnON. 

In  general,  the  more  concentrated  the  blood  or  potato-jidce  the 
brighter  the  light,  and  the  mor«  concentrated  the  pjrrogallol  (to  a  limit) 
the  brighter  the  light,  and  the  longer  it  lasts.  Too  strong  pyrogallol 
precipitates  the  blood-extract  and  potato-juice,  the  former  in  weaker 
concentration  than  the  latter  (see  table  20).  In  about  m/8000  con- 
centration the  pyrogallol  gives  a  bright  light  with  potato-juice,  and 
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increasing  the  concentration  above  this  does  not  increase  perceptibly 
the  brightness. 

Each  substance  must  be  present  in  a  definite  small  concentration  to 
produce  li^t.  This  is  m/32,000  for  pyrogallol,  0.025  per  cent  for 
HiOs,  0.1  per  cent  for  dried  blood,  and  5  per  cent  for  potato-juice — i.  e., 
5  parts  pure  potato-juice  to  95  parts  water. 

Note  also,  from  tables  21  and  22,  that  very  often  the  guaiac  reaction 
can  be  obtained  when,  imder  similar  conditions,  no  light-production  by 
pyrogallol  takes  place. 

Table  21. 


Concentimtion  of 
potato-juioe  in 
amiztiire  oon- 
tatning    (after 
mixing)  id/400 
psnogallol  and 
0.75   per  cent 
HtOi. 

Character  of 

lil^t  from 

tlie  miztiu'e. 

Blue  color 

with  tincture 

of  guaiac. 

Concentration  of 
blood -extract 
in  a  mixture 
containing 
(after  mixing) 
m/400    pyro- 
gallol and  0.75 
per  cent  HsOt- 

Character  of 

light  from 

the  mixture. 

Blue 

color 

with 

tincture 

of  guaiac 

25  per  oeot 

10  per  cent 

5  per  cent 

2.5  percent 

0.5  percent — 

Bright 

Faint 

Very  faint. . 

None 

None 

Blue. 
Blue. 

Faint  blue. 
Faint  blue. 
Very  faint  blue. 

0.5  per  cent 

0.25  percent — 

0.05  per  cent 

0.025  percent... 
0.01  per  cent 

Bright 

Faint 

Veiy  faint . . 

None 

None 

Blue. 
Blue. 
Blue. 
Blue. 
Blue. 

2.  SuBSTANCss  Taking  the  Place  op  Oxidase,  Ptbogallol,  and  HtOs. 

Oxidase. — ^Any  plant  extract  containing  strong  oxidases,  such  as 
occur  in  turnips,  sweet  potatoes,  horseradish,  etc.,  or  any  blood  con- 
taining hemoglobin,  will  give  li^t  with  pyrogallol  and  H2O1.  Apple- 
juice,  which  oxidizes  tannin,  gives  no  light.  Extracts  of  many  inver- 
tebrates were  tried  (including  insects,  molluscs,  annelids,  crustaceans, 
and  echinoderms),  but  only  those  of  Chiton,  a  tubicolous  annelid  {Lfao- 
name  japanica),  and  some  polychsetes  have  thus  far  been  found  to  give 
li|^t.  The  extoact  must  be  concentrated  and  the  light-production  is 
probably  due  to  hemc^obin,  as  it  is  obtained  in  many  cases  after  the 
extract  is  boiled.  The  substances  in  Chiton  seem  to  come  from  red 
filaments  near  the  mouth  (muscles  ?).  Contrary  to  my  earlier  experi- 
ments, which  were  performed  with  too -dilute  extracts,  I  find  that  the 
blood  of  a  squid  {Sepia  esculenia)  (containing  hemocyanin)  and  the 
orange  blood  of  the  Japanese  lobster  {Panvlirus  japonica) ,  will  also  give 
light,  and  the  light  is  somewhat  brighter  if  the  blood  has  previously 
been  boiled.  The  extracts  of  luminous  animals  never  gave  light  with 
pyrogallol+HsO|.  Among  these,  bacteria,  an  annelid  {Chastopterus) , 
a  squid  {Waiasenia  scintiUans),  a  crustacean  (Cypridina),  a  protozoan 
(Noctiluca),  a  pennatulid  (Cavernvlaria) ,  and  the  firefly  have  been  tried. 

Inorganic  substances  which  give  light  may  be  divided  into  three 
classes:  (1)  insoluble  precipitates,  (2)  colloidal  metals,  (3)  solutions 
of  various  salts.  H2O2  must  always  be  added.  The  first  two  classes 
probably  act  as  true  inorganic  catalyzers. 
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Among  the  substances  of  class  (1)  may  be  mentioned  MnOi,  mixtures 
of  Mn(OH),  and  Mn(OH),,  H,MnO,,  Fe,Fe(CN)«,  and  AfeO.  AU  give 
light.  I  have  observed  no  light  with  boneblack,  PbOi,  Ag|Cr04, 
PbCr04,  BaCr04,  Ag4Fe(CN).,  Pb,Fe(CN)«,  Zn,Fe(CN)«,  Cu,Fe(CN)«, 
HgO,  Cu(OH),,  Cu,0,  CuO,  FeO,  iron  filings,  HgtCl,,  Cr,0,,  Cr(OH),, 
Fe(OH),,  Pt  black,  and  silica. 

Among  the  group  (2),  a  silver  sol  protected  by  protein  so  as  to  be 
fairly  concentrated  gave  a  good  light.  Concentrated  Pt  sol  and  Au 
sol  also  gave  light.  Colloidal  Fe(OH)s  and  copper  oxide  gave  nega- 
tive results. 

Table  22. 


Concentration  of  Merck's 

special  HtOi  in  a  mixture 

oontaininK  (after  mixing) 

m/400  pyrogallol  and  50 

per  cent  potato-juice. 

Character  of 

iight  from  the 

mixture. 

Blue  color 

with  tincture 

of  guaiac. 

0.47  per  cent 

Bright 

Fair 

Weak 

Faint 

Very  faint .  . 
None 

Blue. 
Blue. 
Blue. 
Blue. 
Blue. 
Blue. 

0.23  per  cent 

0. 1 1  per  cent 

0.05  per  cent 

0.025  per  cent 

0.012  per  cent 

The  following  salts  gave  the  best  light  in  the  concentrations  indi- 
cated: m/10  to  m/20  K4Fe(CN)«,  m/100  KjCrjOy,  m/50  KjCrO*  (the 
light  appears  only  after  a  long  time),  m/100  KMn04,  m/100  CrOi, 
m/10  FeCls.  The  following  gave  no  light:  KjSjOg  (m/10  to  m/320), 
KCIO,  (m/10),  K,Fe(CN)«  (m/10  to  m/1000)  MnCU  (m/10),  AgNO, 
(2  per  cent),  CUSO4  (m/10),  and  bromine  water.  The  mechanism  of 
the  action  of  these  diverse  substances  will  be  considered  in  a  subse- 
quent paper. 

Peroxide. — Only  H2O2  will  give  light  with  pyrogallol  and  an  oxidase. 
NajOi,  benzoyl  hydrogen  peroxide,  quinone,  BaOa,  or  ozonized  turpen- 
tine do  not,  although  they  give  a  strong  guaiac  reaction  with  the  per- 
oxidase of  turnip-juice.  We  must  also  add  HaOs  to  potato-juice,  which 
already  contains  an  organic  peroxide  whose  oxygen  may  be  transferred 
to  guaiac.  It  is  no  doubt  in  too  small  a  concentration  to  give  light 
with  pyrogallol. 

Oxidizable  substance, — Many  of  the  amino-  and  hydroxy-phenols  are 
rapidly  oxidized  by  potato-juice  +  H2O2,  but  pyrogallol  was  the  only 
one  which  gave  light.  The  following  were  tried  and  all  gave  colored 
oxidation  products:  phenol,  tricresol,  pyrocatechin,  resorcin,  hydro- 
chinon,orcinol,  o-napthol,  ortol,  anilin,  0  and  p  toluidin,  o-napthylamin, 
guaiacol,  para-phenylen  diamine,  amidol,  and  pyramidon.  Phloro- 
glucin,  B-napthol,  and  B-napthylamin  were  not  oxidized. 

Among  the  glucosides,  vanillin,  amygdalin,  phloridizin,  salicin,  sapo- 
nin, and  esculin  gave  no  light  with  potato-juice,  either  at  20°  or  60®  C. 
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3.  Effect  of  Tbmperaturb  on  the  Reaction. 

A  v«y  faint  light  is  produced  when  pjrrogailol  +  H2O2  at  0*^  C.  is  mixed 
with  potato-juice  at  0^  C.  The  light  is  much  brighter  at  5^  and  quite 
bright  at  10®  C.  Pyrogallol  +  H2O2  mixed  with  blood  (1  per  cent) 
gives  no  light  at  0®  C,  but  a  very  faint  light  at  2®  C. 

High  temperatures  destroy  the  pyrogallol  oxidase  of  potato-juice. 
This  occurs  between  80®  and  85®  C.,  as  indicated  in  table  23.  The 
potato-juice  was  rapidly  heated  to  the  temperatures  60®,  55®,  60®  C, 
etc.,  then  cooled  rapidly  in  running  water.  The  destruction  of  cata- 
lase,  the  formation  of  a  precipitate  in  the  potato-juice,  add  the  effect 
on  its  power  to  blue  guaiac  alone,  guaiac  +  H2O1,  and  guaiac  +  ionized 
turpentine,  are  also  recorded.  Similar  results  were  obtained  with 
turnip-juice.  Blood  does  not  lose  its  power  to  oxidize  pyrogallol  -I-H2O2 
with  light-production  or  guaiac+H202,  even  after  10  minutes'  boiling. 

Table  23. 


Potato-juice 
heated  to — 


50  degrees 
55  degrees 
00  degrees 
70  degrees 

80 

85  degrees 

90 

100 

100deg.(10miii.) 


Light-production 
with  pyrogallol 


Bright 

Bright 

Bri^t 

Faint 

Very,  very  faint, 

None 

None 

None 

None 


Bluing 
of  guaiac. 


Blue 

Blue 

Blue 

Slight  blu- 
ing. 

Very  slight 
bluing. 

None 

None 

None 

None 


Bluing 

of  guaiac 

+H,0,. 


Blue. . . 
Blue. . . 
Blue. .  . 
Fair 

bluing. 
SUght 

bluing. 
None.  . 
None.  . 
None.  . 
None.  . 


Bluing 

of  guaiac 

H-  o»o- 

nised 

turpentine 


Blue. . 
Blue . . 
Blue.. 
Blue.. 

Blue. . 

Blue. . 
Blue. . 
Slight. 
None. 


Effect  on 
catalase; 
libera- 
tion of 
O  from 
HiOt. 


+  +  + 
+  .... 
None.  , 
None.  . 

None.  . 

None.  . 
None. . 
None.  . 
None.  . 


Formation  of 
precipitate 
in  potato- 
juice. 


None. 
None. 
None. 
Precipitate. 

Precipitate. 

Precipitate. 
Precipitate. 
Precipitate. 
Precipitate. 


Note  from  table  23  that  the  pyrogallol  and  guaiac  oxidases  in  pres- 
ence of  H2O2  are  both  destroyed  between  80°  and  85°  C,  but  that  with 
ozonized  tmrpentine  the  juice  heated  to  100°  C.  still  blues  guaiac  faintly. 
The  natural  peroxide  (oxygenase)  of  potato-juice,  which  disappears  on 
standing,  is  destroyed  more  readily  than  the  peroxidase.  Catalase 
is  destroyed  between  55°  and  60°  C.  before  a  precipitate  has  appeared, 
whereas  peroxidase  is  still  active  after  a  precipitate  has  appeared. 

4.    Effect  of  KCN,  NaOH,  and  HCI. 

In  testing  the  effect  of  these  substances,  equal  parts  of  (1  c.c.  m/160 
pyrogallol -h  1  c.c.  3  per  cent  H2O2)  and  (potato-juice  +  KCN  or 
NaOH  or  HCI)  were  mixed.  Table  24  gives  also  the  effect  of  catalase  on 
the  bluing  of  guaiac  +  H2O2,  and  the  color  of  indicators  added  to  deter- 
mine the  amount  of  acid  or  alkali  uncombined  with  protein.  Neutral 
red  is  red  in  neutral  or  acid  solution,  yellow  in  alkaUes.  ''Di-methyl" 
is  yellow  in  neutral  or  alkaline  solution,  red  in  free  acid  solution. 
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The  concentration  of  acid  and  alkali  added  give,  of  course,  no  idea 
of  the  H-ion  concentration  in  the  potato-juioe.  The  oxidase  acts  best 
in  the  region  of  neutrality  or  slight  alkalinity,  and  Reed  (4t)  finds  by 
hydrogen  electrode  measurements  that  the  oxidase  of  potato  is  inhib- 
ited in  a  Ch1*5X10~^.  The  effect  of  ihe  add  is  reversible  unless  it 
has  acted  too  long. 

Note  from  table  24  that  ECN  affects  the  pyrogallol  pax>xidase  in 
very  weak  concentration  (m/2,000),  but  is  not  so  effective  in  destroying 
catalase  or  preventing  the  bluing  of  guaiac.  NaOH  and  HCl  are  not 
so  toxic.    As  we  might  expect,  the  HCl  is  the  more  toxic  of  the  two. 

Table  24. 


Substance. 


KCN. 


NaOH 


HCl 


Coneentra- 

tion  in  potato- 

juioe. 


m/20. 
m/40. 


Light-pro- 
duction with 
P3rroffaUot 
+  H<0,. 


m/80 

m/100.... 
m/d20.... 
m/640.... 
m/1280... 
m/2660... 
m/5120... 
m/10240.. 
m/20480.. 

m/20 

m/40 

m/80 

m/160 

m/320.... 

m/20 

m/40 

m/80 

m/160 

m/320 

None . .  . . . 


None. . . . 
None .... 

None. . . . 
None. . . . 
None. . . . 

None 

None. . . . 
Very  faint 

Faint 

Fair 

Bright.  .. 

None. . . . 
None.  .  . . 

Faint 

Bright.  .  . 
Bright.  .  . 

None. .  . . 
None. . . . 
None. . . . 

Fair 

Bright.  .  . 
Bright.  .  . 


Liberation 

of  O  from 

HiO,. 


+ 

H- 

-f  +  ... 
-f  +  ... 
+  +  ... 
+  +  ... 
+  +  +  . 
+  +  +  . 
+  +  +  . 
+  +  +  . 
+  +  +  . 

+ 

+  +  +  . 
+  +  +  . 
+  +  +  . 
+  +  +  . 

None.  . 
None.  . 
None.  . 

+ 

+  +  +  . 
+  +  +  . 


Bluing  of 

guaiao  + 

H,0^ 


None 

Very  faint 

blue. 
Fair  blue. . 
Fair  blue. . 
Fair  blue.. 
Fair  blue. . 

Bhie 

Blue 

Blue 

Blue 

Blue 

None 

Faint  blue. 

Blue 

Blue 

Blue 

None 

Faint  blue. 
Faint  blue. 

Blue 

Bhie 

Blue 


Color  of 
indioat(»'. 


Indicator. 


Ydlow 

Orange 

Orange 

Red 

Red 

Red 

Red 

Red 

Red 

Red 

Red 

Ydlow. 
Yellow. 
Yellow  orange 
Red  orange. 
Red. 

Red  orange.. . 

YeUow 

YeUow 

YeUow 

Yellow 

YeUow 


Neutral 
red. 


Dimethyl- 


asoben- 
sol. 


5.  EiTBCT  OF  Fat-Solvsnt  Anssthbtics. 

Satiiration  of  the  potato-juice  or  blood  with  etha*  or  chloroform  does 
not  a£fect  its  power  to  produce  light  with  pyrogallol  +  H20s.  A  sam- 
ple of  horseradish-root  extract  preserved  45  dajrs  imder  ether  gave  a 
good  light  when  mixed  with  pyrogallol  +  H2O1. 

6.  Is  THS  OxmASB  A  Cataltibr? 

That  oxidases  in  general  are  not  catalyzers,  but  are  used  up  in  the 
reaction  has  been  proven  by  the  work  of  Kastle  (i€),  who  found  that 
the  amoimt  of  phenolphthalein  oxidized  is  proportional  to  the  quantity 
of  blood  present,  and  of  Bach  and  Chodat  (41  and  42),  who  foimd  that 
the  amoimt  of  pyrogallol  oxidized  to  purpurogallin  is  proportional  to 
the  amount  of  peroxidase  and  also  to  the  amoimt  of  H2O1  present. 
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but  independent  of  the  quantity  of  pyrogallol,  providing  the  pyrogaliol 
IB  present  in  access  of  the  quantity  capable  of  being  oxidised  by  per- 
oxidase and  HsOs-  Melanin  formation  by  tyrosinase  is  also  propor- 
tional to  the  amount  of  tyrosinase  present  (42). 

The  peroxidase,  therefore,  transfers  the  O  of  HsOs  to  the  pyrogaliol 
and  ihe  HsOs  pyrogaliol,  and  peroxidase  are  all  changed — i.  e.,  used 
up  in  tiie  reaction.  If  we  represent  the  peroxidase  by  P  and  the  pyro- 
galiol by  B  the  reaction  must  take  place  as  follows: 

P    +2H,0,=PO,+2H,0 
P0,+  B      =P0  +  BO  (1) 

and  not  as 

P    +2H,0  =P0,+2H,0 

P0,+2B      =P    +2B0  (2) 

Note  that  in  the  first  equations  the  peroxidase  (P)  is  used  up  and  in 
the  second  equations  it  acts  as  a  true  catalyzer  and  is  r^enerated  again. 

That  the  peroxidase  of  turnip-juice  is  used  up  so  far  as  its  power  to 
cause  light-production  in  pyrogaliol  is  concerned  is  indicated  in  the 
following  experiment: 

If  1  c.c  m/10  pyrogallol+4  c.c.  HiOs  (3  per  cent)  is  mixed  with  5  c.c. 
turnip-juice  heated  to  80^  (to  destroy  the  catalase  and  weaken  the 
peroxidase),  a  very  faint  light  is  produced.  A  small  amount  of  per- 
oxidase is,  therefore,  i»resent.  The  mixture  is  allowed  to  stand  for 
24  hours  at  22^  C.  and  then  fresh  turnip-juice  is  added.  A  good  light 
results,  showing  that  the  pyrogaliol  has  not  been  changed  by  a  small 
amount  of  peroxidase  when  a  long  time  has  been  allowed  for  the  re- 
action to  proceed.  The  pyrogaliol  was  turned  a  light  brown  by  the 
small  amount  of  pax>xidase,  and  this  color  had  not  deepened  in  24  hours, 
but  did  deepen  immediately  when  ihe  additional  quantity  of  peroxidase 
was  added.  A  small  quantity  of  ^'enzyme"  can  not,  therefore,  transform 
an  indefinite  amount  of  pyrogaliol.  A  similar  result  was  obtained  with 
a  weak  hem<^obin  solution,  0.1  per  cent  dried  blood-extract. 

That  a  large  quantity  of  peroxidase  can  be  used  up  by  addition  of 
successive  amounts  of  pyrogaliol — i.  e.,  by  "titrating*'  the  peroxidase — 
can  be  shown  as  follows: 

To  10  c.c.  potato-juice  heated  to  60^  C.  (to  destroy  catalase  and 
consequent  foaming  due  to  liberation  of  O  from  HaOs)  is  added  2  c.c. 
of  a  mixture  of  equal  parts  m/10  pyrogaliol  and  3  per  cent  HsOs. 
Light  results.  When  this  has  disappeared  (about  2  to  3  minutes) 
2  more  cubic  centimeters  of  the  pyrogallol-HsOs  mixture  are  added  and 
a  very  faint  light  results.  On  adding  a  further  2  c.c.  no  light  appears. 
There  is,  however,  in  the  final  mixture  plenty  of  pyrogallol+HsOs  to 
produce  light,  as  may  be  shown  by  adding  fresh  potato-juice  when 
abundant  light  appears.  The  peroxidase  has  been  completely  used  up. 
A  similar  experiment  with  blood-extract  gave  a  similar  result. 
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SIGNIHCANCE  FOR  BiOLUMINESCENCE. 

The  reader  has  doubtless  ahready  noticed  the  similarity  of  the  pyro- 
gallol+HjCVperoxidase  reacticHi  and  the  luciferin-lucif erase  reaction 
of  Dubois.  Just  as  Dubois  supposed  ludferin  to  be  oxidized  by  luci- 
ferase,  so  we  actually  find  pyrogallol+HsOs  oxidized  by  peroxidase. 
We  now  know  that  lucif^in  (photophelein)  is  not  oxidized  by  luci- 
ferase  (photogenin)  but  that  Dubois's  luciferase  is  actually  the  source 
oi  the  light  of  liuninous  animals;  so  that  the  liuninescence  of  pjnrogallol 
turns  out  to  bear  only  a  superficial  resemblance  to  that  of  organisms. 
Pyrogallol+HsQs  will  give  no  light  with  either  photogenin  or  pho- 
tophelein, nor  will  peroxidase  give  li^t  with  eitha*  photogenin  or 
photophelein,  even  if  we  add  HsOs.  However,  it  is  interesting  and 
important  to  know  that  certain  substances  found  in  plants  and  animals 
can  assist  in  oxidizing  other  substances  found  in  plants  and  animals 
with  the  production  of  light.  The  light  produced  in  these  cases  is 
faint  compared  with  the  light  produced  by  luminous  organisms  or 
compared  with  the  light  produced  by  substances  from  luminous  organ- 
isms in  a  test-tube,  but  nevertheless  it  is  light  with  very  little  heat,  and 
perhaps  a  further  survey  will  reveal  the  existence  of  definite  compounds 
producing  light  in  a  manner  more  closely  resembling  that  of  Cypridina. 
As  has  been  shown  by  Trautz  (sc)  the  spectrum  of  luminescent  pyro- 
gallol  is  continuous  but  shorter  than  the  normal  spectrum,  so  that 
there  is  marked  similarity  in  the  physical  characteristics  of  the  li^t 
of  chemiluminescent  substances  and  of  liuninous  organisms. 

SUMMARY  OF  STUDY  OF  CHEMILUMINESCENT  REACTIONS. 

1.  Pyrogallol  gives  off  a  yellowish-white  light  about  equal  in  inten- 
sity to  a  suspension  of  liuninous  bacteria  when  oxidized  by  blood  or 
plant-juices  (oxidases)  in  presence  of  HtOs- 

2.  The  light  is  visible  in  very  weak  concentrations  of  pyrogallol,  viz, 
m/32,000  or  1  part  to  254,000  parts  solution.  H2O2  must  be  present  in 
at  least  0.025  per  cent,  blood  in  0.1  per  cent  (dried  defibrinated  blood), 
potato-juice  in  5  per  cent  (fresh  pure  juice),  to  give  a  just  visible  light. 

3.  Of  many  easily  oxidizable  hydroxy-  and  amino-phenols  only 
pyrogallol  gives  Ught.  K4Fe(CN)6,  KMn04  or  FeCl,,  KjOjOt,  KjCrO*, 
MnOj,  Mn(0H)2+Mn(0H),,  H,MnO,,  Fe,Fe(CN)6,  AgjO,  and  coUoidal 
Pt,  Au,  and  Ag  will  all  give  light  with  pyrogallol.  Extracts  of  inverte- 
brates, except  those  of  ChiUmy  a  few  marine  annelids,  and  the  blood  of 
a  squid  (Sepia)  and  a  marine  crayfish  (Panulirus)f  do  not  give  light. 
Na202,  Ba02,  Pb02,  benzoyl  H2O2,  quinone,  or  ozonized  turpentine 
will  not  take  the  place  of  H2O2. 

4.  Light  is  produced  at  0^  C.  and  a  bright  light  at  10^  C.  The  oxi- 
dase of  plant-juices  is  destroyed  between  80**  and  85**  C. 

5.  KCN  inhibits  the  light-production  in  very  weak  concentration, 
m/1280  to  m/2560.  NaOH  mhibits  in  n/40  and  HCI  m  n/80  con- 
centration, but  these  figures  give  no  idea  of  the  H-ion  concentration. 
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6.  Ether  and  chloroform  have  no  effect  on  the  light-production. 

7.  The  oxidase  is  not  a  true  catalyzer,  but  is  used  up  in  transferring 
oxygen  from  H2OS  to  the  pyrogallol. 

8.  The  reaction  has  nothing  to  do  with  the  production  of  light  by 
luminous  animals. 

GENERAL  CONCLUSIONS. 

We  may  be  very  certain  that  in  all  luminous  animals  a  definite  sub- 
stance undergoes  chemical  change,  and  if  free  oxygen  is  present  light 
is  produced.  This  oxidizable  substance  may  conveniently  be  called 
photogenin.  In  some  forms  it  is  oxidized  within  the  cell,  in  others 
without.  In  some  forms  the  oxidation  goes  on  continuously,  in  others 
only  after  stimulation,  using  the  word  ''stimulation''  in  the  same  sense 
in  which  it  is  used  in  referring  to  muscle  contraction.  In  some  forms 
photogenin  occurs  as  granules,  in  others  it  may  be  obtained  in  a  solu- 
tion which  will  pass  the  finest  porcelain  filters.  In  some  forms  we  can 
demonstrate  the  existence  of  a  second  substance  necessary  for  light- 
production,  photophelein ;  in  others  this  can  not  be  demonstrated. 
There  are  definite  quantitative  relations  between  photogenin  and 
photophelein,  and  in  those  animals  in  which  the  two  substances  can 
not  be  demonstrated  they  are  possibly  present  in  equivalent  amount. 
Photogenin  is  colloidal  and  probably  a  protein;  photophelein  is  crystal- 
loidal  and  of  wholly  unknown  composition.  Neither  of  the  two  are 
sohible  in  fat  solvents.  Photogenin  is  found  only  in  liuninous  glands, 
photophelein  throughout  the  organism  and  in  non-luminous  animals. 
Photopheleins  from  different  species  of  liuninous  or  non-luminous 
animals  will  give  light  with  various  photogenins  if  the  animals  are 
neariy  related,  but  only  a  very  faint  light  if  distantly  related.  The 
connection  between  photogenin  and  photophelein  resembles  most 
that  between  the  zymase  (= photogenin)  and  cozymase  (= photo- 
phelein) of  yeast-juice.  Both  of  the  former  substances  must  be  pres- 
ent for  the  fermentation  of  sugar  by  yeast,  just  as  both  of  the  latter 
must  be  present  for  the  production  of  light  by  luminous  animals. 
As  r^sards  destruction  by  heat  and  dialyzability  even  the  properties 
of  the  two  corresponding  substances  are  similar.  Here  the  parallel 
ceases,  at  least  so  far  as  our  knowledge  is  concerned.  It  is  possible 
that  a  mixture  of  photogenin  and  photophelein  oxidizes  a  third  sub- 
stance, just  as  zymase-cozymase  oxidizes  sugar,  but  we  know  of  no 
third  oxidizable  substance.  We  do  know  that  whenever  photogenin 
and  photophelein  in  solution  are  exposed  to  free  oxygen,  light  is  pro- 
duced and  both  substances  disappear.  This  is  the  present  extent  of 
our  knowledge  and  only  additional  experimental  work  can  give  us  a 
more  definite  idea  of  the  nature  of  these  substances. 
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A  PHYSIOLOGICAL  STUDY  OF  SPECIFIC  GRAVITY  AND  OF 
LUMINESCENCE  IN  NOCTILUCA,  WITH  SPECIAL 

REFERENCE  TO  ANESTHESIA. 


Bt  Ethel  Browns  Haryet. 


INTRODUCTION. 

The  present  study  has  been  chiefly  concerned  with  the  specific 
gravity  and  the  effects  of  anesthetics  on  the  luminescence  of  NocbHuca. 
The  effects  of  other  substances — acids,  alkaUes,  KCN,  etc. — have  also 
been  studied,  as  well  as  the  action  of  electricity,  change  of  osmotic 
pressure,  temperature,  etc.,  in  order  to  gain  an  accurate  knowledge  of 
tiie  more  general  physiological  aspects  of  luminescence  in  this  form. 
Some  observations  on  these  subjects  were  made  by  Quatrefages  in  1850, 
Krukenberg  in  1887,  and  Massart  in  1893,  but  most  of  the  work  is  too 
old  and  the  methods  too  crude  to  be  of  much  value,  since  definite  con- 
centrations were  not  considered  nor  the  results  interpreted  from  the 
physico-chemical  aspect. 

The  results  were  obti^ned  at  the  Marine  Biological  Laboratory  of 
the  Imperial  University  of  Tokyo,  situated  at  Misaki,  Japan,  where 
tiie  great  abundance  of  NoctUuca  offered  unusual  advantages.  The 
Aniynftlfl  occur  in  such  quantities  that  a  layer  an  inch  thick  on  the 
surface  of  a  large  aquarium  jar  can  soon  be  collected,  and  on  dark 
nights  the  sea  is  extremely  brilliant  in  any  area  where  it  is  disturbed, 
especially  where  the  waves  lap  the  shore.  It  gives  me  pleasure  to  thank 
Professor  I.  Ijima  for  the  facilities  of  the  laboratory,  and  also  Pro- 
fessor G.  Idiikawa  for  his  many  kindnesses  during  my  stay  there. 

LIGHT  RESPONSE  IN  NOCTILUCA. 

As  is  well  known,  noctilucas,  when  undisturbed  and  under  perfectly 
normal  conditions,  are  not  luminous;  but  when  disturbed  or  stimulated 
in  any  way,  they  give  a  bright  flash  of  a  distinctly  bluish  tinge,  lasting 
only  an  instant.  This  is  the  normal  light-response  of  Nodiluca.  If, 
however,  the  animals  are  not  in  good  condition,  a  famt,  continuous 
l^ow  issues  from  them;  such  a  i^ow  is  usually  preliminary  to  the  death 
o(  the  animals,  and  is  also  called  forth  by  many  experimental  condi- 
tions. These  two  are  the  only  li^^t  responses  ot  the  animals.  There 
is  never,  under  normal  conditions,  a  rhythmic  flashing,  such  as  is 
diaracteristic  o(  certain  speciidB  of  firefly,  nor  is  it  possible,  by  any 
chemical  or  physical  means,  to  call  forth  a  rhythmic  flashing  compa- 
rable with  the  rhythmic  twitching  of  a  muscle  in  pure  NaCl. 
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CHANGE  OF  OSMOTIC  PRESSURE. 


NoctHuca  can  stand  a  considerable  decrease  in  osmotic  pressure  with- 
out having  its  luminous  response  affected,  as  indicated  in  table  1.  We 
may  dilute  the  sea-water  with  fresh-water  in  any  amount  down  to  a  pro- 
portion of  half  and  half,  and  the  animals  still  give  a  noimal  response — 
t.  e.f  they  flash  on  stimulation.  The  response  is  not  quite  so  bright 
as  in  the  control  in  a  half-and-half  concentration  nor  in  a  mixture  of 
4  sea-water  to  6  fresh-water,  but  the  animals  continue  giving  a  normal 
response  for  7  days.  In  the  latter  concentration  the  animals  also  give 
a  steady  glow  for  the  first  few  minutes,  owing  doubtless  to  the  dying 
condition  of  certain  of  them.  If  the  amount  of  fresh  water  is  still 
further  increased,  the  animals  do  not  flash  on  stimulation,  but  give  a 
steady  glow,  lasting  for  8  minutes  in  a  mixture  of  3  sea-water  to  7 

Table  1. — Effed  oj  dUtiHng  aetk^Doter  with  freMk-water. 


Ratio  of 
aea-water  to 
freab-wftter. 

Luminous  responae. 

9tol 

8to2 

7to3 

«to4 

6  to6 

4to6 

3to7 

2  to8 

1  to9 

Freah-wftter. 

Normal,  10  daya  (aoEperiment  diacontinued) . 
Normal,  10  daya  (experiment  diacontinued) . 
Normal.    9  daya 

Float. 
Float. 
Float. 
Distributed  through  water  10 

minutea;  then  float. 
Moat  sink  in  15  minutea;  float 

after  20  minutea. 
Sink    in    15    minutea;    float 

after  1  hour. 
Sink. 
Rink. 
Sink. 
Sink. 

Normal.    9  daya 

Normal,    7  daya  (poor) 

Normal,  7  daya  (poor),  oonstant  glow  8 

minutea  at  atart.^ 
Conatant  g^ow  8  minutea 

Ck>natant  g^ow  8  minutea 

Constant  t^ow  5  minutea 

Oonatant  glow  3  minutea 

'The  eonatant  glow  at  the  atart  ia  without  doubt  due  to  the  dying  condition  of  iome  of  the 
animali. 

fresh-water  and  of  2  sea-water  to  8  fresh-water;  and  for  5  minutes  in  1 
sea-water  to  9  f resh-water,  and  for  about  3  minutes  in  pure  fresh-water. 
When  the  osmotic  pressure  is  increased  by  concentrating  the  sea-wat^ 
to  half  its  volume,  a  steady  glow  is  given  for  more  than  20  minutes. 

Especially  interesting  results  have  been  obtained  in  this  series  of 
experiments  with  regard  to  specific  gravity.  Normally,  noetilucas  are 
less  dense  than  sea-water,  so  that  when  placed  in  an  aquarium  jar  they 
soon  rise  to  the  top,  where  they  form  a  layer  somewhat  pinkish  in 
color.  Unlike  the  floating  siphonophores,  there  are  no  air4>ubble6, 
and  unlike  certain  pelagic  eggs,  there  are  no  large  oil-drops  in  the 
animals,  so  that  their  lower  specific  gravity  must  be  due  to  the  fact  thsA 
their  salt-content  is  less  than  that  of  sea-water.  When  placed  in  sea- 
water  concentrated  to  half  its  volume  they  shrink,  and  when  the 
sea-water  is  diluted  with  fresh-water  they  swell.  The  plasma  mem- 
brane, therefore,  shows  the  usual  semipermeability  to  the  balanced 
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salts  of  sea-water — i.  e.,  impermeability  to  the  salts  and  permea- 
bility to  water.  Out  in  the  open  bay,  although  most  of  the  ani- 
mals are  at  the  surface  on  a  calm  night,  many  can  be  seen  through  a 
glass-bottom  bucket  well  below  the  surface.  Moreover,  on  windy 
days,  they  are  not  found  at  the  surface,  indicating  that  they  have  the 
power  of  increasing  their  specific  gravity  and  sinking,  owing  to  a  tem- 
porary increase  in  permeability  which  allows  the  salts  of  sea-water 
to  pass  in  or  water  to  pass  out.  When  noctilucas  die  they  immediately 
sink,  the  permeability  having  been  increased,  causing  an  increase  in 
qiedfic  gravity. 

That  these  animals  can  also  decrease  their  specific  gravity  is  shown 
by  the  following  facts.  In  all  dilutions  of  sea-water  with  fresh-water 
down  to  6  sea-water  to  4  fresh-water,  th^  rise  immediately  to  the  top, 
becoming  and  remaining  somewhat  swollen  for  more  than  10  days. 
These  dilutions  are  still  of  greater  density  than  the  animals.  In  a 
mixture  of  6  sea-water  to  4  fresh-water  they  remain  distributed  through 
the  water  for  about  15  minutes,  and  then  rise  to  the  top;  this  mixture 
is  ci  approximately  the  same  density  as  the  noctilucas.  In  a  mixture 
of  half  sea-water  and  half  fresh-water  and  also  in  a  mixture  of  4  sea- 
water  to  6  fresh-water,  the  animals  sink  at  first,  their  salt-content  being 
now  greater  than  that  of  the  surrounding  medium,  but  during  the  next 
hour  they  gradually  swell  and  rise  to  the  top.  The  process  is  wholly 
independent  of  movement  of  the  tentacle.  If  water  were  merely 
absorbed  by  the  animals  xmtil  their  concentration  was  the  same  as 
that  of  the  surrounding  medium,  the  animals  would  remain  suspended 
through  the  liquid;  but  since  they  eventually  float,  they  must  keep  on 
absorbing  piure  water  until  their  salt-content  and  hence  their  specific 
gravity  is  again  less  than  that  of  the  new  medium  (5  sea-water  to  5 
fresh-water  or  4  sea-water  to  6  fresh-water),  thus  reestablishing  their 
normal  relation  to  their  surrounding  medium.  This  must  involve  the 
absorption  of  water  against  the  osmotic  pressure  of  the  salts  of  sea-water, 
a  condition  contrary  to  physical  laws.  This  regulatory  mechanism 
is  characteristic  of  living  cells  only  and  is  not  destroyed  xmder  any 
experimental  conditions.  Anesthetics,  acids  and  alkalies,  KCN,  and 
pure  salts  of  sea-water  do  not  affect  the  regulation,  except  when  they 
cause  irreversible  changes  and  death  of  the  cells.  It  is  quite  probable 
that  this  peculiar  type  of  osmo-regulation  is  not  characteristic  of  noc- 
tilucas alone,  but  may  be  possessed  by  other  marine  plankton  forms 
without  gas-chambers  which  float  and  sink  as  occasion  demands. 

The  water  absorbed  by  noctilucas  in  mixtures  of  5  sea-water  to 
5  fresh-water  and  4  sea-water  to  6  fresh-water  accumulates  in  large 
vacuoles  formed  by  strands  of  protoplasm  pulling  away  from  the  cell- 
wall  and  forming  membranes  around  the  accumulated  liquid.  I  have 
observed  these  vacuoles  biu-sting  or  being  expelled  bodily  from  the  cell. 
In  these  same  concentrations  of  sea-water  an  interesting  protoplasmic 
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fragmentation  also  takes  place,  secondary  smaller  masses  of  protoplasm 
being  formed,  sometimes  isolated  and  sometimes  connected  with  the 
main  mass  by  strands  of  protoplasm.  The  vacuoles  formed  by 
NocHluca  in  these  mixtures  of  fresh-water  with  salt-water  are  perhi^ 
comparable  with  the  contractile  vacuoles  of  Paranuxciumf  Amaba^ 
and  other  fresh-water  forms,  where  its  function  is  likewise  osmo- 
regulatory. It  is  true  that  in  general  in  salt-water  protozoa  no 
contractile  vacuoles  are  present,  since  the  osmotic  pressure  of  sear 
water  balances  that  of  the  animal  and  no  osmoregulatory  mechanism 
is  needed.  When  NoctUuca  is  put  xmder  conditions  where  it  must  rid 
itself  of  a  certain  amount  of  fresh-water,  similar  though  less  perfect 
vacuoles  can  be  formed. 

In  still  more  dilute  mixtures  of  sea-water  and  fresh-water,  the 
animals  absorb  water  until  they  burst  and  th^i  shrink;  they  are  killed 
and  sink  to  the  bottom.  That  this  is  an  osmotic  effect  and  not  due  to 
the  mere  dilution  of  salts  is  shown  by  diluting  the  sea-water  with  iso- 

Table  2. — EJBTecl  of  tn  cane~9ugar'\-9ea'Water. 


m  oaoe-cogAT  to 
sea-water. 

Luminous  Teeponat, 

m  sugar 

9tol 

Normal  neponm  2  hours;  oonstant  glow  during  last  hour. 

Normal  response  2  days. 

Normal  response  4  days. 

Normal  response  9  days  (experiment  discontinued). 

8  to2 

7tod-l  to9 

tonic  cane-sugar,  thus  diTninishing  the  salt-content  but  not  the  osmotic 
pressure.  After  testing  various  concentrations  of  cane-sugar  to  de- 
termine which  was  isotonic,  it  was  foxmd  that  the  animals  responded 
normally  longest  in  m  cane-sugar,  so  that  this  was  used  to  dilute  the 
sea-water.  In  m  cane-sugar  in  distilled  water  the  animals  give 
a  normal  response  for  2  hours;  this  is  accompanied  during  the  last  hoiur 
by  a  steady  glow;  but  when  sea-water  is  added  to  the  m  sugar  in 
various  proportions,  the  effect  on  the  luminescence  is  only  sli^t 
(table  2).  When  3  parts  sea-water  are  added  to  7  parts  m  sugar  or 
any  greater  proportion  of  sea-water  is  used,  the  animals  give  a  normal 
response  for  more  than  9  days.  In  mixtures  of  2  sea-water  to  8  sugar 
a  noimal  response  is  given  for  4  days,  and  in  1  sea-water  to  9  sugar 
a  normal  response  is  given  for  2  days.  The  noctilucas,  therefore, 
like  muscle  and  other  cells,  must  be  bathed  by  a  certain  minimal 
salt-content  as  well  as  surrounded  by  a  fluid  with  a  certain  osmotic 
pressure.  They  behave  in  this  respect  like  the  luminous  bacteria 
investigated  by  E.  N.  Harvey  (1914). 
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SALTS  OF  SEA-WATER. 
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In  any  one  of  the  pure  salts  of  sea-water,  made  up  in  m/2  solution  in 
distilled  water,  NoctUuca  ceases  to  give^any  luminous  response  after  2 
hours  (table  3).  GaCls  is  the  most  toxic,  no  normal  response  being 
given,  but  a  constant  glow  for  2  minutes.  ECl  is  least  toxic,  a  normal 
ieq>on8e  being  given  for  2  hours.  In  NaCl  and  in  MgCls  there  is  a 
normal  response  for  an  hoiur,  and  this  is  accompanied  on  first  iimner- 
aon  in  the  salt  by  a  constant  glow  which  soon  passes  off,  doubtless 
owing  to  some  of  the  animals  dying.  In  a  mixture  of  NaCl  with  one 
o(  the  other  salts,  in  the  proportion  occurring  in  sea-water,  the  normal 
req>onse  lasts  much  longer  than  in  any  of  the  pure  salts;  a  little  under  a 
day  in  NaCl+KQ,  and  5  days  in  NaCl+CaCl,  or  NaCl+MgCl,. 

Table  3. — Effect  of  9aU8  of  teorwaUr, 


Sohition  (in  distlUed  water). 

Luminous  re^MDfle. 

in/2  NaCl 

Normal,  1  hour  (poor) ;  momentary  con- 
stant slow  at  ftart.^ 

Normal  2  houra. 

Constant  glow  2  minntet. 

Normal  1  hour;  constant  glow  10  min- 
utes at  start.' 

Normal,  <1  day. 

Normal,  5  days. 

Normal,  5  dasrs. 

Nonnal,  6  days. 

Normal,  7  days. 

Normal,  10  days. 

Normal,  10  days. 

m/2  KCl 

nk/2  CaCk 

m/2  McClt 

in/2  (100  NaCl+2.2  KQ) 

m/d  (100  NaCl +2  OCk) 

iii/2  (100  NaCl +10  McCTU 

iii/2(100NaCI+2.2KCl+2C^aCy 

m/3  (100  NaCI+2.2  Kd+lO  BicCU) 

m/2  (100  Naa+2.2  KCl +2  CaOt+lO  MgCls) . 
Same  miztiire+iD/2800  NaOH 

Same  mixture +m/2d00  HCI 

The  oonstant  glow  at  the  start  is  doubtless  due  to  the  dying  oondition  of  some  ol  the  animals. 

In  a  mixture  of  NaCl+KCl+CaCls  a  normal  response  is  given  for  5 
days,  and  in  NaCl+KGl+MgClt  for  7  da3rs.  With  the  four  salts  in  a 
neutral  or  alkaline  medium  (+m/2300  NaOH),  the  response  lasted  for 
more  than  10  days,  when  tiie  experiment  was  dis(K>ntinued.  The 
addition  of  a  small  amount  of  a(dd  (m/2300  HCI)  to  the  f oiur  salts 
prohibits  any  normal  response,  causing  a  constant  glow  for  15  to  30 
minutes.    (See  also  under  Acids.) 

These  results  showing  the  injurious  effects  of  pure  salts  on  the  lumi- 
nous response  of  NoctUuca  and  the  improvement  on  balancingwith other 
salts  are  in  agreement  with  the  general  work  on  the  effect  of  balanced 
solutions  on  other  physiological  activities.  The  luminous  bacteria, 
on  the  other  hand,  are  independent  of  a  balanced  medium,  although 
they  must,  like  NocHlucaf  have  a  certain  small  proportion  of  salt  in  the 
medhun  (E.  N.  Harvey,  1914). 
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ACIDS  AND  ALKALIES. 

For  aaoertainmg  the  effects  of  adds  on  the  lummeeoenoe  of  NoctUuca, 
hydrochloric  (a  lipoid  insoluble)  and  bensoic  (a  lipoid  soluble)  adds 
were  used,  the  solutions  being  made  up  in  a  neutral  artificial  sea-water, 
m/2(100  NaCl+2.2  KCl+2  CaCls+10  MgCls),  so  as  to  avoid  the 
disturbing  presence  of  the  buffer  phoq>hate8  and  carbonates. 

Certain  concentrations  of  these  adds,  n/2000  to  n/4000  HCl  and 
n/4000  C|H|COOH,  cause  a  bright  continuous  i^ow  lasting  from  20  to 
60  minutes  (table  4).    The  glow  in  these  solutions  bec(»nes  gradually 


Tablb  4. — Effed  oj  acid$  and  aikalU9. 


Solution  in  artifiouU  aeft-water. 

Luminous  reqxMiae. 

Color  change 
in  neutral  red. 

n/600  to  n/1000  HQ 

Momentary  oonstant  glow. 

Constant  glow  30  min.   (bright,   be- 
comes brighter,  then  fainter). 

Constant  glow  and  normal  response  1  hr. 

Normal  6  days  (poor) ;  momentary  con- 
stant i^ow  at  start.' 

>6  days  (ezp.  discontinued). 

McMnentary  constant  glow. 

Constant    n^ow    20    min.     (becomes 

brighter,  then  fainter). 
>6  days  (poor)   (exp.  discontinued); 

momentary  oonstant  glow  at  start.' 
>6  days  (poor) ;  (exp.  discontinued). 
Constant  glow  2  min 

4  min. 
10  min. 
1  to  li  hr. 

None. 
25  sec. 
30  sec 
1  to  2  min. 
None. 

None. 
None. 

n/2000  HCl 

n/4000  HCl 

n/8000  HCl 

n/16000  HCl 

n/500  to  n/^000  bensoio 

n/4000  benioio 

n/8000  bensoio 

n/16000  bensoic 

n/126  NaOH  (in  Mg-free  sea-wftter) . 
n/250  NaOH  (in  Mg-^ree  sea-water) . 
n/600  NaOH 

Constant  glow  2  min 

glow  30  min.* 
Nonnal  >7  days  (exp.  discontinued) . . . 
Constant  glow  30  seconds 

n/1000  to  n/2000  NaOH 

n/260  NH4OH 

n/500  NH4OH 

n/1000  NH4OH 

Constant  slow  4  min.  (faint) 

n/2000  NH4OH 

6  min.* 
Normal  5  days 

n/4000  NH4OH 

n/8000  NH4OU 

Normal  >7  dayB  (exp.  discontinued).. . 

'The  constant  g^w  at  the  start  is  without  doubt  due  to  the  dsring  condition  iA  some  of  the 
animals. 
The  normal  response  at  the  start  is  doubtless  due  to  the  delay  in  taking  effect. 


brighter,  stays  at  a  maximum  for  some  time,  and  then  becomes  gradu- 
ally fainter.  In  n/4000  HCl  the  animals  also  give  a  nonnal  response — 
that  is,  they  flash  on  stimulation  while  they  are  giving  a  steady  glow. 
Whether  it  is  certain  animals  in  the  solution  that  give  the  one  response 
at  the  same  tune  that  others  are  giving  the  other,  or  whether  all  of 
the  animals  give  both  responses,  it  was  not  possible  to  determine. 
Stronger  concentrations  of  these  acids  kill  the  animals  abnost  instantly, 
while  weaker  concentrations  have  practically  no  effect. 

The  alkalies  NaOH  (lipoid  msoluble)  and  NH4OH  (lipoid  soluble) 
have  an  effect  upon  luminescence  similar  to  that  of  the  acids,  except 
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that  the  constant  glow  is  more  faint  and  of  shorter  duration;  n/125  to 
n/250  NaOH  and  n/250  to  n/1000  NH4OH  (the  first  two  solutions 
were  made  up  in  Mg-free  sea-water,  all  the  others  in  artificial  sea- 
water)  cause  a  constant  glow  lasting  from  30  seconds  to  4  minutes,  and 
no  normal  response  is  given  (table  4).  In  slightly  weaker  solutions, 
n/500  NaOH  and  n/2000  NH4OH,  a  normal  response  is  given  for  a 
short  period,  owing  doubtless  to  a  delay  in  penetration,  followed  by  a 
constant  glow. 

In  one  series  of  experiments  comparison  was  made  of  the  penetration 
time  of  the  alkali  and  its  effect  on  liuninescence.  The  comparison 
was  made  on  the  same  lot  of  animals  stained  with  neutral  red,  which  is 
not  harmful  to  them.  One  set  was  observed  in  the  dark  for  the  effect 
on  limiinescence,  while  the  other  set  was  watched  simultaneously  by  an 
assistant  for  color-change.  In  the  case  of  NaOH  the  color-change  from 
red  to  yellow  takes  place  only  after  all  light-response  has  stopped, 
whether  this  be  a  steady  glow  or  a  normal  response;  NaOH,  therefore, 
does  not  penetrate  the  cell  until  after  liuninescence  has  ceased.  On  the 
other  hand,  with  NH4OH  the  color-change  takes  place  before  the  effect 
on  luminescence  has  stopped — ^that  is,  the  alkaU  i)enetrates  the  cell 
while  it  is  still  giving  a  liuninous  response.  For  example,  in  n/500 
NH4OH  the  color-change  takes  place  in  30  seconds,  while  the  constant 
glow  lasts  75  seconds.  These  results  tally  with  those  of  E.  N.  Harvey 
(1914),  who  found  that  in  certain  plant  and  animal  cells  NaOH  pene- 
trates the  cell  only  after  its  death,  while  NH4OH  penetrates  before  the 
death  of  the  cell.  The  effect  of  alkalies  on  li^t-production  is  therefore 
brought  in  line  with  its  effect  on  muscle-contraction,  protoplasmic 
rotation,  and  other  physiolo^cal  processes. 

POTASSIUM  CYANIDE. 

In  strong  KCN  solutions,  m/10  to  m/250,  a  normal  response  is 
given  at  fiirst,  lasting  from  less  than  a  minute  to  30  minutes,  and  this 
is  followed  by  a  constant  glow  lasting  for  7  minutes  in  m/10  and  for 
35  minutes  in  m/250  KCN  (table  5).  The  normal  response  at  the 
start  is  probably  due  to  the  delay  in  the  KCN  taking  effect.  In  a 
concentration  of  m/500  the  normal  response  lasts  for  several  hoiu-s, 

Table  5. — Effect  of  potasHum  qfonide. 


Solution  in  sea-water. 

Luminous  response.* 

m/10  (i>reeipitate  forms) . . . 
m/60 

Normal  response  }  minute,  then  constant  glow  7  minutes. 
Normal  response  A\  minutes,  then  constant  glow  15  minutes. 
Normal  response  10    minutes,  then  constant  glow  35  minutes. 
Normal  response  30    minutes,  then  constant  glow  35  minutes. 
Normal  response  >\\  hours,  <  12  hours. 
Normal  response  >6  days  (experiment  discontinued). 

■■*/  ^'^' 

m/125 

m/250 

m/500  to  m/2000 

m/4000  to  m/16000 

>The  normal  response  at  the  start  is  doubtless  due  to  the  delay  in  taking  effect. 
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and  in  solutions  weaker  than  ni/2000  there  is  no  ^ect  on  hunineec^ioe. 
It  is  of  interest  to  note  the  slight  effect  of  KCN  on  oxidations  connected 
with  luminescence  in  comparison  with  its  marked  inhibiting  effect  on 
oxidations  by  plant  oxidases  and  on  the  oxygen  consumption  of  egg- 
cells  and  other  animal  tissues  (Loeb  and  Wasteneys,  1913).  The 
oxidations  connected  with  Ug^t-production  are  apparently  entirely 
different  from  those  concerned  with  cell-respiration* 

ABSENCE  OF  OXYGEN. 

The  effect  of  the  lack  of  oxygen  on  NocHluca  was  tested  by  subjecting 
the  f^niniAlR  to  an  atmosphere  of  bubbling  well-washed  hydrogen  from 
a  Kipp  generator.  When  thus  treated,  the  luminescence  gradually 
grows  fainter  for  an  hour  until  it  is  very  faint.  If  air  is  now  admitted 
to  the  tube,  the  animals  respond  on  irritation  as  normally  and  just  as 
brilliantly.  Animals  caught  by  the  surface  film  of  water  on  the  sides 
of  the  tube  give  light  when  oxjrgen  is  admitted,  even  without  mechanical 
stimulation.  The  mere  adndssion  of  oxygen  after  its  absence  may 
therefore  serve  as  a  stimulus. 

If  the  animals  are  kept  for  2  hourSf  however,  in  the  bubbling  hydro- 
gen, the  luminescence  goes  out  entirely  and  does  not  return  on  adntiit- 
ting  air  to  the  tube,  the  animals  having  probably  been  killed  by  the 
treatment.  In  a  control  experiment,  hydrogen  was  bubbled  through  a 
tube  containing  the  animals,  in  presence  of  oxygen;  the  animals  were 
normal  after  1  hoiur,  but  gave  no  response  after  2  houie.  It  is  therefore 
the  mechanical  disturbance  and  not  the  lack  of  oxygen  which  is  fatal  to 
the  ^nimsilfl  subjected  for  2  hours  to  the  hydrogen. 

light-production  in  NoctUuca  is  therefore  dependent  upon  a  supply 
of  oxygen,  as  is  to  be  expected.  Since  the  cells  deprived  of  oxygen 
immediately  give  light  on  admitting  oxygen,  even  without  stimulation, 
they  must  be  permeable  to  oxygen  at  any  time,  and  not  merely  upon 
stimulation  and  death,  when  light-production  ordinarily  takes  place. 
That  oxygen  is  necessary  for  lig^t-production  in  NoctUuca  is  contrary 
to  the  ideas  of  Quatrefages  (1850),  and  brings  this  animal  in  line  with 
all  the  other  light-producing  animals  in  which  the  question  has  been 
carefully  investigated. 

TEMTCRATURE. 

With  increase  of  temperature  up  to  42®  or  43®  C,  noctilucas  give  a 
normal  response.  From  this  point  to  48®  or  49®,  a  steady  glow  is  given 
and  then  the  light  goes  out  completely  and  tiiere  is  no  recovery  if 
cooled  immediately.  With  decrease  in  temi)erature,  the  animals  flash 
more  than  normally  imtil  the  temperature  reaches  5®  to  0®,  when  they 
give  a  constant  glow.  If  kept  only  a  few  minutes  at  0®,  they  will 
recover  on  warming  and  again  give  a  normal  response ;  but  if  kept  at  0® 
for  15  minutes  they  do  not  recover. 
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CENTRIFUGINC 

On  centrifugmg  noctilucas  for  3  to  5  minutes  with  a  hand  centrifuge, 
the  animals  form  a  layer  at  the  surface  of  the  liquid;  and  in  each  animal 
the  protoplasm  is  thrown  to  the  bottom  of  the  cell  as  the  heaviest 
material.  The  animals  do  not  orient  themselves  iq  any  way  iq  the 
centrifuge,  but  the  protoplasm  is  thrown  to  whatever  part  of  the  cell 
happens  to  be  toward  the  centrifugal  pole.  After  about  an  hour,  many 
of  the  aTiimalfl  recover,  and  the  protoplasm  may  be  seen  under  the 
microscope  returning  to  its  normal  position  near  the  mouth-groove  and 
flowing  along  protoplasmic  strands  to  the  i)eriphery  of  the  cell.  No 
separation  of  the  materials  of  the  protoplasm  into  layers  was  observed 
with  the  centrifugal  force  used.  The  effect  of  centrifuging  upon  the 
himinescence  is  practically  nil,  for  the  animals  ^ve  a  normal  response 
as  soon  as  taken  from  the  centrifuge  tubes  and  placed  in  a  dish  of  sea- 
water. 

ELECTRICITY. 

When  a  constant  current  is  passed  through  a  mass  of  noctilucas, 
the  animals  flash  brightly  at  the  make,  continue  glowing  during  the 
passage  of  the  current,  and  cease  to  glow  at  the  break,  giving  no  flash, 
but  sometimes  they  stay  glowing  after  the  break,  and  in  this  case  the 
stronger  the  current  the  longer  the  glow  lasts.  If  stimulated  mechani- 
cally while  the  ciurrent  is  passing,  they  respond  by  a  flash,  just  as 
when  no  current  is  passing. 

The  light  comes  from  all  parts  of  the  noctiluca  and  is  not  restricted 
to  anode  or  cathode  regions.  No  increase  in  luminosity  could  be 
observed  on  the  cathode  side  nor  decrease  on  the  anode  side  of  the 
animal  comparable  with  the  polar  effects  of  the  current  on  muscle. 

The  tentacle  movement  is  also  influenced  by  the  passage  of  a  con- 
stant current.  At  the  make,  the  tentacle  coils  up  rather  tightly,  like 
a  watch-spring,  and  at  the  break  it  uncoils,  the  process  being  repeated 
for  a  number  of  makes  and  breaks.  This  tentacle  response  is  similar  to 
the  abnormal  behavior  of  the  sartorius  muscle  of  a  frog,  which  some- 
times contracts  on  the  make,  stays  contracted  while  the  ciurrent  is 
passing,  and  relaxes  on  the  break.  Spaeth  (1916)  similarly  foxmd  that 
the  pigment  cells  of  fish-scales  contract  on  the  make,  stay  contracted 
during  the  passage,  and  relax  on  the  break. 

When  a  mass  of  noctilucas  is  subjected  to  the  induced  currents  of 
an  induction  coil  they  respond  with  a  flash  at  the  break,  and  at  the 
make  also,  if  the  current  is  strong  enough. 

If  subjected  to  an  interrupted  induced  current  for  45  seconds,  the 
animals  flash  on  the  first  shock  and  then  remain  glowing,  but  the 
liuninoeity  becomes  gradually  fainter.  If  the  ciurent  is  now  stopped 
for  a  moment  and  then  pae^ed  again,  there  is  again  a  bright  glow. 
The  animals  therefore  fatigue  rather  readily  when  stimulated  electri- 
cally, as  they  also  do  with  mechanical  stimulation. 
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RESPONSE  OF  INJURED  CELLS. 

If  a  number  of  noctihicas  are  punctured  with  a  needle,  causing  the 
cells  to  coUapsei  and  are  then  subjected  to  an  intemq>ted  current,  they 
respond  just  as  uninjured  cells  do.  Such  punctured  and  colli4)eed  cells 
likewise  give  a  nonnal  response  when  stimulated  mechanically — t.  e., 
by  pressure  of  a  cover-dip, 

Noctilucas  are  injured  by  a  few  shocks  of  the  strong  induced  current; 
the  protoplasm  shrinks  away  from  the  cell-wall,  leaving  a  clear  area  at 
the  periphery.  If  the  animal  is  further  subjected  to  an  induced  cur- 
rent, there  is  again  a  response,  the  protoplasmic  area  becoming  lumi- 
nous, while  the  clear  peripheral  area  does  not.  After  a  short  time  the 
cell  collapses  and  the  animal  appears  as  a  shrunken  mass  of  protoplasm 
within  an  irregular  membrane.  These  shrunk^i  animals  also  respond 
at  the  break  of  a  weak  induced  current  with  a  flash,  just  as  normal 
cells  do;  and  they  likewise  give  a  normal  response  to  mechanical  stim- 
ulation— t.  6.,  if  pressed  by  a  needle.  It  is  thus  shown  that  injury  to  a 
noctiluca  does  not  interfere  with  its  response  to  mechanical  or  elec- 
trical stimulation. 

If,  however,  the  injury  to  the  cells  is  too  great,  and  the  cells  are 
completely  broken  to  pieces,  they  do  not  respond  to  stimulation.  By 
pressing  a  mass  of  noctilucas  through  cheese-cloth,  a  filtrate  was  ob- 
tained contaioing  many  empty  membranes  and  fragments  of  cells, 
visible  xmder  the  microscope.  This  filtrate,  although  luminous,  did 
not  respond  to  electrical  stimulation.  Another  filtrate  obtained  by 
pressing  a  mass  of  noctilucas  through  fine-meshed  bolting-cloth,  and 
tested  while  still  luminous,  did  not  respond  to  electrical  stimulation. 
It  is  possible,  however,  that  the  fact  that  the  noctiluca  juice  is  acid 
may  have  some  effect  on  the  response  in  these  cases. 

LOCATION  OF  LUMINOUS  MATERIAL. 

When  a  noctiluca  is  giving  a  bright,  constant  glow — for  instance, 
when  treated  with  n/2000  to  n/4000  HCl — ^it  is  fairly  easy  to  observe 
the  light  under  a  microscope  in  a  dark  room.  The  chief  luminescence 
comes  from  the  main  mass  of  protoplasm  near  the  mouth-groove  and 
around  the  periphery  of  the  cell,  while  the  area  between  these  two 
regions  is  much  fainter.  The  luminescence  is  a  general  glow  over  the 
cell,  and  a  similar  glow  is  suffused  momentarily  over  the  cell  when  a 
noctiluca  is  stimulated  by  a  needle.  This  effect  is,  however,  probably 
due  to  a  close  aggregation  of  small  luminous  particles,  for  when  noc- 
tilucas are  crushed  under  the  microscope  and  the  particles  separated 
by  means  of  a  cover-slip,  numerous  points  of  light  may  be  observed, 
similar  to  stars  in  the  sky.  The  luminescence,  therefore,  apparently 
comes  from  small  granules  in  the  protoplasm,  which  may  be  freed  from 
the  cell  by  crushing.  That  the  luminous  granules  are  located  in  the 
protoplasm  and  not  elsewhere  was  shown  by  stimulating  cells  injured 
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by  dectridty.  As  mentioned  previoufily}  a  few  shocks  of  an  induced 
current  causes  the  protc^lasm  of  a  noctihica  to  shrink  away  from  the 
membrane  into  a  compact  irr^ular  mass;  when  again  stimulated,  the 
irregular  mass  of  protoplasm  gives  li^^t,  while  the  clear  peripheral 
area  remains  entirely  dark.  Also,  in  centrifuged  noctilucas  there  is 
a  gradual  motion  of  luminescence  in  a  cell  corresponding  rou^y  with 
the  motion  of  ihe  protoplasm  as  it  resumes  its  normal  position.  These 
granules  in  the  protoplasm  to  which  the  luminescence  may  be  traced 
do  not  stain  with  neutral  red  nor  with  methylene  blue;  there  are  other 
granules,  however,  especially  around  the  periphery  of  the  cell,  which 
do  stain  with  neutral  red. 

It  has  not  been  possible  to  obtain  two  substances  concerned  witii 
light-production  in  NoctUuca,  as  in  Pholas  (Dubois,  1913, 1914),  fir^y 
and  Cypridina  (E.  N.  Harvey,  1917),  etc.,  one  destroyed  by  heat  (pho- 
togenin)  and  the  other  thennostable  (photophdein),  notwithstanding 
repeated  efforts  to  demonstrate  them.  Only  one  substance  respon- 
able  for  light-production  in  NoctUuca  can  be  demonstrated,  and  this 
substance  occurs  as  granules  and  bums  until  it  is  all  used  up  as  soon 
as  it  is  brought  into  contact  with  atmospheric  oxygen  by  crushing  the 
cells;  this  we  may  conveniently  call  photogenin. 

ANESTHETICS. 

Anesthesia  may  be  defined  as  a  temporary  inhibition  of  some  physio- 
logical activity  and  includes  a  wide  range  of  processes  such  as  cell- 
division,  responses  to  stimuli  of  various  kinds,  light-production,  etc. 
Its  chief  characteristic  is  that  the  condition  is  reversible — ^that  is,  that 
normal  processes  are  resumed  on  removal  of  the  anesthetic.  The 
anesthesia  may  be  caused  by  various  means — ^the  constant  electric 
current,  change  of  temperature,  and  many  chemical  substances. 
Among  the  latter  are  the  salts  of  Mg,  Ca,  and  other  metals,  as  well 
as  the  more  common  lipoidHstohible  anesthetics — chloroform,  ether, 
akx^ol,  etc.  This  study  deals  with  the  anesthesia  of  light-production 
in  NoctUvca  by  means  of  the  lipoidnsoluble  anesthetics. 

The  only  previous  work  showing  the  definite  anesthesia  of  light- 
production  in  animals  is  that  of  E.  N.  Harvey  (1915)  on  luminous  bac- 
teria; he  found  that  the  light  could  be  inhibited  completely  by  various 
alcohols  and  returned  on  diluticm  with  sea-water. 

Of  the  various  theories  of  anesthesia,  that  of  Overton  (1901)  and 
Meyer  (1899)  has  received  widest  acceptance.  According  to  this 
tiieory,  anesthesia  is  due  to  lipoid  solubility,  the  anesthetic  dissolving 
in  the  lipoids  of  the  cdl.  It  has  been  shown  by  Overton  that  there  is 
a  direct  ratio  between  the  narcotizing  power  of  anesthetics  and  their 
lipoid  solubility — ^that  is,  the  more  soluble  the  narcotic  in  fat,  the  more 
narcotic  power  it  has  and  the  smaller  the  amount  necessary  for  anes- 

Just  how  the  solution  of  the  anesthetic  in  lipoids  should 
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change  the  irritability  is  not  explained  by  the  theory,  nor  does  it  take 
into  account  other  anesthetics  which  are  not  lipoid  soluble — e.  g.^ 
neutral  salts.  No  distinction  is  made  between  the  acticm  of  anestheties 
in  the  membrane  and  in  the  cell  interior.  Traube  (1913  and  1915) 
considers  anesthesia  as  due  to  adsorption  of  the  narcotic  by  surfaces 
in  the  cell,  especially  colloidal  particles,  due  to  the  lowering  of  the  sur- 
face tension  of  water.  This  causes  a  decrease  in  catalytic  activity  oi 
the  surface  layer,  leading  to  a  decrease  in  the  chemical  activity  of  the 
cell,  especially  of  oxidations.  It  has  been  shown  thai  many  substances 
with  ttie  same  surface  tension  have  the  same  physiological  acticm, 
although  this  is  not  always  true.  The  fact  that  dried  micro-oi^^anisms 
free  of  lipoids  can  be  anesthetized  supports  this  theory  rather  than  the 
lipoid  theory  (Warburg  and  Wiesel,  1912) .  On  the  other  hand,  the  ^ect 
of  temperature  on  anesthesia  corresponds  mcnre  closely  with  the  effect 
on  lipoid  solulnlity  than  on  adsorption  of  the  anesthetic  (Meyer,  1901). 

That  the  narcotic  acts  by  interfering  with  oxidation  is  hdd  by  oth^ 
beddes  Traube.  Verwom  (1913)  considers  narcosis  as  an  aq>hyz]a* 
tion,  since  narcotized  cells  b^iave  similarly  to  those  deprived  of  oxygw. 
Mathews  (1914)  explains  the  relation  of  oxidation  and  anesthesia  by 
aastiTning  that  protoplasm  contains  an  unstable  compound  with  oxygen, 
which  breaks  down  on  stimulation,  and  the  anesthetic  forms  a  stable 
compound  with  oxygen  and  thus  prevents  its  liberation  on  stimulation. 
According  to  Mansfeld  (1909),  the  anesthetic  prevents  the  oxygw  from 
entering  the  cell  by  decreasing  the  permeability  of  the  surface  for 
oxygen.  In  favor  of  these  theories  is  the  fact  that  oxygen  consump- 
tion by  certain  cells  and  in  certain  oxidations  has  been  shown  to  be 
decreased  by  anesthetics  (Warburg,  1911).  However,  in  these  cases 
the  concentration  necessary  to  decrease  oxidations  is  much  greater 
than  that  necessary  to  produce  anesthesia.  Moreover,  the  experi- 
ments of  Loeb  and  Wasteneys  (1913)  on  sea-urchin  eggs  have  shown 
that  an  anesthetic  in  tiie  concentration  sufficient  to  prevent  cleavage 
had  very  little  effect  on  oxidations.  A  slight  decrease  in  temperature 
has  a  much  greater  effect  on  the  rate  of  oxidations  than  an  anesthetic 
of  effective  strength. 

The  membrane  theory  of  Lillie  (1909-1916)  and  Hdber  (1907)  is  also 
important.  According  to  this  the  anesthetic  affects  the  interior  of  the 
cell  indirectly,  the  primary  effect  being  upon  the  permeability  of  the  cell 
membrane.  The  change  in  permeability  is  supposed  to  be  ccmnected 
with  a  change  in  the  aggregation  of  colloidal  particles,  protein  and  lipoid, 
lillie's  experiments  on  Arenicola  larv»  show  that  the  narcotic  prevoats 
an  increase  in  permeability,  or  in  some  cases  causes  an  actual  decrease. 
Osterhout  (1913)  has  shown  also,  in  Iximinaria^  that  anesthetics  cause 
a  decrease  in  permeability,  as  indicated  by  an  increase  in  resistance  to 
the  electric  current.  This  theory  takes  into  consideration  the  ncm- 
lipoid-soluble  as  well  as  the  lipoid-soluble  anesthetics. 
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All  of  these  theories  fall  mto  two  groups:  those  which  consider  the 
action  of  the  anesthetic  to  be  upon  the  cell-membrane  and  those  which 
ccmsider  the  action  to  be  directly  upon  the  cell-contents.  Experiments 
on  the  anesthesia  of  light-production  in  Noctiluca  have  been  carried 
out  in  the  attempt  to  find  out  which  of  these  two  alternatives  is  correct. 

Although  the  anesthesia  of  some  processes  has  been  shown  to  be 
indq)eiident  of  the  consumption  of  oxygen — ^for  instance,  the  cleavage 
of  seanurchin  eggs  (Loeb  and  Wasteneys,  1913,  and  Warburg,  1910) — 
it  would  seem  probable  that  the  anesthesia  of  light-production  is  depen- 
dent on  oxygen.  That  oxygen  is  necessary  for  light-production  in 
NoctOuca  has  been  shown  by  keeping  the  cells  in  an  oxygen-free  atmos- 
phere, in  which  case  the  luminescence  stops,  but  reappears  on  admitting 
oxygen.  The  membrane  is  freely  permeable  to  oxygen  at  any  time,  since 
those  cells  deprived  of  oxygen  immediately  glow  on  admission  of  oxygen. 
It  may  be  noted  in  passing  that  this  oxidation  is  different  from  that  of 
otlier  cells,  as  shown  by  the  fact  that  KCN  in  relatively  high  concen- 
trations has  no  effect,  whereas  it  so  quickly  affects  other  oxidations. 

The  anesthesia  must  in  some  way  affect  the  oxidation  which  is  con- 
cerned in  light-production.  Does  it  do  so  by  preventing  oxygen  from 
entering  the  cell,  or  does  it  prevent  the  utilization  of  the  oxygen 
abeady  present  in  the  cell?  In  other  words,  does  the  anesthetic  act 
upon  the  membrane  or  directly  upon  the  cell  interior? 

In  my  experiments  various  Upoid-soluble  anesthetics  were  tried  and 
the  effect  of  the  anesthetic  has  been  in  all  cases  not  to  prevent  light- 
production  altogether,  but  to  prevent  a  normal  response — i.  e.,  a  flash- 
ing on  stimulation.  In  all  the  effective  concentrations,  the  AnimAk 
under  the  anesthetic  produce  a  steady  glow,  so  faint  in  some  cases  that 
it  is  not  noticeable  unless  the  animals  are  present  in  large  number. 
When  returned  to  sea-water,  if  not  left  too  long  in  the  solution,  the 
steady  glow  ceases  and  the  normal  response  returns;  this  is  therefore  a 
reversible  phenomenon  and  a  true  case  of  anesthesia.  The  best  concen- 
trations for  anesthetizing,  as  seen  by  referring  to  table  6,  were:  1/3  sat- 
urated chloroform,  where  the  steady  glow  lasted  2  hours;  m/8  ether  and 
m/8  butyl  alcohol,  steady  glow  lasting  1|  hours;  1/16  saturated  thymol, 
lasting  1  hour;  methyl  alcohol,  lasting  30  minutes,  and  1/4  to  1/8 
diloretone,  lasting  15  minutes.  If  returned  to  sea-water  after  the 
period  of  steady  glow,  the  animals  gave  no  response,  the  prolonged 
anesthesia  causing  death.  The  tentacle  motion  was  also  stopped  by 
the  anesthetic  in  the  same  concentrations  as  prevented  the  normal 
Ii|^t-reqxMise.  The  effect  on  the  tentacle  was,  however,  much  slower 
than  the  effect  on  light-production,  but  took  place  during  the  early 
part  of  the  period  of  constant  glow. 

The  question  as  to  whether  the  effect  of  the  anesthetic  is  upon  the 
interior  of  the  cell  or  upon  the  cell  membrane  was  tested  by  destroying 
membranes,  thus  allowing  oxygen  to  enter.  A  number  of  noctilucas  were 
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subjected  to  m/8  butyl  alcohd  for  an  hour  in  a  tube  containing  sand. 
Some  were  then  returned  to  sea-water  and  recov<n^,  showing  that  the 
animals  were  truly  narcotised.  The  remaining  animaJs  w&e  shaken 
up  and  broken  to  pieces  by  the  sand.  At  the  same  tone,  a  control  lot 
kept  for  the  same  period  in  sea-water  in  a  tube  containing  sand  were 
shaken  and  broken  up.  A  comparison  of  the  two  tubes  showed  that 
the  anesthetised  animals  were  not  nearly  so  bri^t  as  the  control  lot. 
A  microscopic  examination  of  the  material  showed  that  the  cells  w&e 
completely  broken  to  pieces  into  irregular  fragments  by  the  sand.    A 

Table  6. — Effect  cf  ttnesthetieg. 


Solution  in  sea-wator. 

Luminous  response. 

Duration  o£  tentacle 
movement. 

Chloroform: 

Saturated 

Constant  glow  1  to  2  minutes. 

Constant  glow  4  to  8  minutes. 

Constant  glow  2  hours,  then  normal  re- 
sponse, owing  to  evaporation  of  chloro- 
form. 

Normal  response  >  12  hours  (ezp.  discon- 
tinued). 

C'Onstant  glow  4  minuter 

30  minutes. 

<5  minutes. 
<5  minutea. 

<30  minutes. 

<5  minutes. 

<  10  minutes. 

<20  minute;}. 

Stops  immediately 

<  10  minutes. 

<15  minutes 

1/2  saturated 

1/3  saturated 

1/4  to  1/8  saturated... 

Ether: 

in/2 

m/4 

brighter,  then  fainter. 
Constant  glow  90  minutes 

in/8 

in/l« 

Normal  response  >1   day  (exp.  discon- 
tinued). 

Coniitant  glow  1  minute 

ID 

Ethyl  alcohol: 

2m 

1 .6m 

Constant  glow  5  minutes 

m 

m/2  to  m/4 

Normal  response  >14  hours  (exp.  discon- 
tinued). 

Constant  glow  1  minute 

Butyl  aloohol: 

m/2 

m/4 

m/H 

Constant  glow  5  minutes 

m/16  tom/32 

Chloretoue: 

Saturated 

Constant  glow  1 }  hours  (faint) 

Normal  response  >  14  hours  (exp.  discon- 
tinued). 

No  resDonse 

1/2  saturated 

Constant  glow  4  minutes 

1/4  to  1/8  saturated... 
1/16  to  1/32  saturated. 

Thymol: 

Saturated  to  1/4  satu- 
rated. 
1  fH  saturated 

Constant  glow  15  minutes  (faint) 

Normal  response  >24  hours  (exp.  discon- 
tinued). 

Constant  glow  1 )  to  2  minutes 

Constant  glow  6  minutes 

1/16  saturated 

1/32  saturated 

1/64  to  1/128  saturated. 

Constant  glow  <  1  hour,  normal  response 
4  minutes  at  start  (poor).^ 

Normal  response  <  IN  hours  (poor) 

Normal  response  >5  days  (exp.  discon- 
tinued. 

'The  normal  response  at  the  stirt  is  doubtless  due  to  the  delay  in  taking  effect  on  certain  of 
the  animals. 
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similar  experiment  was  tried  with  animals  subjected  to  m/8  ether  for 
10  minutes  with  the  same  result.  In  these  expariments  the  cell-mem- 
branes were  destroyed,  allowing  oxygen  to  enter  the  cell  directly,  and 
the  effect  was  different  for  the  anesthetized  cells  and  the  control.  The 
anesthetic  must  therefore  act,  not  on  the  cell-membrane  by  preventing 
oxygen  from  entering  the  cell,  but  directly  upon  the  cell  interior,  prob- 
ably attacking  the  mechanism  of  the  utilization  of  oxygen  in  the  cell. 
A  criticism  of  the  forgoing  experiments  might  be  offered — ^that, 
owing  to  the  length  of  time  that  the  cells  were  subjected  to  the  anes- 
thetic, substances  present  in  the  cells  might  be  used  up  and  the  cells 
be  fatigued.  The  following  experiment  showed  that  such  was  not  the 
case:  Three  lots  of  animals  were  put  into  tubes  with  sand,  two  im- 
mersed in  m/8  ether  and  the  third  in  sea-water.  One  of  the  ether 
tubes  was  very  sli^tly  agitated  ahnost  immediately  and  did  not 
increase  in  brightness  as  normal  animals  do  on  sli^t  agitation,  showing 
that  the  animals  were  narcotized.  The  other  ether  tube  was  shaken 
vigorously  at  once  so  as  to  break  up  the  animals,  and  it  became  slightly 
brighter.  The  control  tube  with  sea-water,  when  also  shaken  vigor- 
ously at  the  same  time,  became  markedly  brighter,  showing  a  striking 
contrast  to  the  other  two  tubes.  In  this  experiment  there  was  not 
sufficient  time  for  any  substances  in  the  cells  to  be  used  up,  and  yet 
the  narcotized  cells  gave  a  much  weaker  light  than  the  control  lot  on 
admission  of  oxygen  by  destroying  the  membranes.  The  evidence  from 
these  experiments  on  Noctiluca  would  therefore  argue  against  the  mem- 
brane theory  of  anesthesia,  since  the  anesthesia  of  light-production 
takes  place  independently  of  the  cell-membrane;  the  effect  of  the 
anesthetic  seems  to  be  upon  the  mechanism  of  the  oxidation  process 
inside  the  cell. 

SUMMARY. 

1.  The  specific  gravity  of  Noctiluca  is  less  than  that  of  sea-water, 
80  that  normally  the  animals  float  at  the  surface.  Since  they  contain 
no  air-bubbles  or  large  oil-drops,  their  lower  specific  gravity  must  be 
due  to  a  lower  salt-content  than  that  of  sea-water.  When  placed  in  a 
mixture  of  4  sea-water  to  6  fresh-water,  the  AnimAlg  gink,  their  salt- 
content  being  now  greater  than  that  of  the  surroimding  medium,  but 
later  they  rise  to  the  surface,  a  process  independent  of  the  movement 
of  the  t^tacle.  They  therefore  absorb  water  imtil  their  salt-content 
is  again  less  than  the  medimn,  thus  reestablishing  their  normal  relation 
to  the  surroimding  medium.  This  water  must  be  absorbed  against 
the  osmotic  pressure  of  the  salts  of  sea-water,  a  process  contrary  to 
physical  laws.  The  animals  can  not  only  lessen  their  specific  gravity, 
but  can  also  increase  it,  as  shown  by  the  fact  that  they  sink  to  the 
bottom  of  the  sea  on  windy  days.  Anesthetics,  acids  and  alkalies, 
ECN,  and  the  piu^  salts  of  sea-water  do  not  interfere  with  this  regu- 
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latory  mechaniflm,  accept  when  they  cause  inev^fiible  changee  and 
death ;  dead  noctilucas  always  sink  to  the  bottom. 

2.  light-pitxluction  in  i^octiItu»  nonnaUy  oocun  only  on  sti^ 

of  any  kind,  and  is  a  momentary  bright  flash.  The  only  other  light- 
response  is  a  steady  glow  occurring  before  death  and  imder  many 
experimental  conditions — e.  g.,  diluting  with  fresh-water,  addition  of 
acids  and  alkaUes,  KCN,  cold  (5^  to  0°  C),  heat  (43^  to  49^  C), 
anesthetics,  and  a  constant  galvanic  electric  current. 

3.  In  very  dilute  sea-water  (3  sea-water  to  7  fresh-water  down  to 
pure  fresh-water)  the  animals  give  a  constant  glow  ior  a  few  minutes 
and  then  die.  If  the  sea-water  is  diluted  with  isotonic  cane-sugar 
instead  of  water,  a  normal  response  is  given  even  with  1  sea-water  to 
9  cane-sugar.  But  in  isotonic  cane-sugar  al<me  a  normal  response  is 
given  for  only  a  short  period,  followed  by  a  steady  glow  and  death, 
showing  that  the  animals  must  be  bathed  by  a  medium  of  mininiftl 
salt-content  as  well  as  of  definite  osmotic  pressure. 

4.  The  normal  light-response  of  NodHuca  is  dependent  on  the 
balanced  salts  of  sea-water.  Isotonic  Na,  K,  Ca,  and  Mg  are  all 
toxic  if  alone  in  solution. 

5.  n/2000  HCl  and  n/4000  benzoic  acid  in  neutral  artificial  sea- 
water  cause  a  steady  glow  for  20  minutes;  n/2000  NH4OH  and  n/500 
NaOH  give  a  steady  glow  for  6  and  30  minutes  respectively.  In 
NaOH  the  luminescence  stops  h^ore  the  penetration  of  the  alkali, 
and  in  NH4OH  after  the  penetration,  as  indicated  by  the  color-change 
of  animals  stained  in  neutral  red. 

6.  KCN  has  little  effect  on  light-production  in  relatively  strong 
concentrations.  Animals  in  n/250  KCN  respond  ncHmally  for  30 
minutes  and  then  give  a  steady  glow  for  35  minutes. 

7.  Oxygen  is  necessary  for  light-production.  Animals  deprived  of 
oxygen  immediately  glow  on  the  admission  of  oxygen  even  without 
stimulation. 

8.  \Mien  the  temperature  is  gradually  raised,  a  steady  glow  appears 
at  42^  C.  and  stops  at  48^,  when  the  animals  die.  When  the  tempera- 
ture is  lowered  a  steady  glow  appears  at  5^  and  continues  to  0^.  The 
animals  will  recover  on  warming  if  kept  for  only  a  few  minutes  at  (f. 

9.  Centrifuging  has  no  effect  on  the  liuninous  response,  although 
the  protoplasm  is  thrown  to  whatever  part  of  the  cell  happens  to  be 
away  from  the  axis  of  the  centrifuge.  On  standing,  the  protoplasm 
returns  to  its  normal  position  imder  the  tentacle. 

10.  With  a  constant  galvanic  current  noctilucas  flash  at  the  make, 
stay  glowing  during  the  passage  of  the  current,  and  stop  glowing  at 
the  break  with  no  flash.  Animals  will  respond  normally  to  mechanical 
stimulation  during  the  passage  of  the  current.  The  liuninescence  is 
imiform  throughout  the  organisms,  no  polar  effects  being  observed. 
Induced  shocks  call  forth  the  usual  flash  caused  by  stimulation.  The 
animals  fatigue  readily  with  interrupted  induced  shocks. 
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11.  Noctihicas  injuied  by  puncturing  with  a  needle  or  by  a  strong 
induced  current  respond  to  mechanical  or  electrical  stimulation.  If 
completely  broken  to  pieces  by  pressing  through  cheese-cloth,  the 
filtrate  gives  a  constant  glow,  but  there  is  no  flashing  on  stimulation. 

12.  The  luminescence  is  traceable  to  points  of  light  coming  from 
granules  (photogenin)  in  the  protoplasm.  No  photophelein  could  be 
demonstrated. 

13.  Noctilucas  may  be  anesthetized  by  m/8  ether,  1/3  saturated 
chloroform,  1/16  saturated  thymol,  1/8  saturated  chloretone,  m  ethyl 
and  m/8  butyl  alcohol,  so  that  th^r  fail  to  give  a  flash  on  stimulation, 
but  they  always  give  a  very  faint  glow;  this  disappears  and  the  normal 
response  returns  on  removing  the  anesthetic.  Light-production  is 
dependent  on  the  consumption  of  oxygen.  Whether  the  anesthesia 
of  luminous  cells  is  due  to  the  fact  that  oxygen  can  not  pass  through 
tiie  membrane,  or  to  the  fact  that  it  can  not  be  used,  was  tested  by  an 
experiment  in  which  the  cell-substance  of  anesthetized  cells  was  per- 
mitted to  come  into  contact  with  dissolved  oxygen.  Narcotized  ceUs 
were  broken  up  by  shaking  with  sand  and  it  was  found  that  they  pro- 
duced only  a  faint  light,  whereas  normal  cells  so  treated  became  very 
brilliant.  The  anesthetic  must  therefore  attack  the  mechanism  of  the 
utilisation  of  oxygen  in  the  cell,  and  not  the  permeability  of  the  cell- 
membrane  for  oxygen. 
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BERMUDA,  AND  THE  BAHAMAS. 


Bt  Aaron  L.  Trbadwbll. 


I^JTRODUCTION. 

In  1911  the  present  author  published  a  paper  entitled  'TolychsBtous 
Annelids  from  the  Dry  Tortugas,  Florida."^  This  was  the  first  of  a 
propoeed  series  of  systematic  papers  on  the  polychsetous  amielids  of  the 
West  Indian  region,  collected  under  the  auspices  of  the  Department  of 
Marine  Biology  of  the  Carnegie  Institution  of  Washington,  my  main 
object  having  been  the  preparation  of  a  monograph  of  the  West  Indian 
Leodidds.  It  has  seemed  best,  since  the  final  publication  must  be 
deferred,  to  publish  a  preliminary  description  of  some  new  species 
belonging  to  this  family,  as  well  as  new  species  of  other  families  which 
have  been  collected  incidentally  in  this  work.  I  have  included  also  a 
description  of  a  new  sabellid  belonging  to  the  collection  of  the  American 
Museum  of  Natural  History. 

FAMILY  STLLIDifi. 
OdoBtosjIUs  octodenUU  n.  sp. 

A  relatively  large  spedidB,  iq>praziniat6ly  40  mm.  long  and  2.5  mm.  in  width. 

Hie  int)stomium  (plate  1,  fig.  1)  is  broader  than  long,  with  the  anterior 
margin  broader  than  the  posterior,  the  lateral  angles  rounded.  The  posterior 
margin  has  a  slight  depression  which  is  not  shown  in  the  figure  because  a 
lobe  from  the  anterior  margin  of  the  peristomium  extends  over  it.  The  pidps 
are  sq>arate  from  one  another,  and  prominent,  not  sharply  separated  from 
the  proetomium,  so  that  they  seem  almost  to  be  forward  prolongations  of  it. 
Eyes  2  pairs,  brown,  anterior  pair  the  larger  and  farther  apart  than  posterior 
pair.  The  median  tentacle  was  noticeably  more  slender  than  the  lateral  and 
none  <rf  these  extends  much  beyond  the  tip  of  the  palp.  None  of  the  tentacles 
were  weU  preserved  and  I  am  uncertain  as  to  their  normal  appearance. 

Phaiynx  short,  with  ventrally  a  row  of  8  subequal  teeth.  The  peristomium 
18  prolonged  dorsally  into  a  broad  lobe  which  covers  the  posterior  surface  of 
the  prostCMnium.  Tentacular  cirri  are  slender,  the  dorsal  ones  being  the  largest. 
Donal  cirri  of  later  somites  similar  in  form  but  successively  smaller. 

Para^iodium  (plate  1,  fig.  2),  with  its  end  prolonged  mto  equal  anterior  and 
poet^or  lobes  and  with  an  acicula  with  its  apex  coming  to  the  smrface  just 
dOTsal  to  these.  Ventral  cirrus  ovate  in  outline,  shorter  than  setigerous  lobe. 
Dorsal  cirrus  long  and  slender.  The  setee  (fig.  3)  with  a  very  long  basal  joint, 
the  longest  reaching  nearly  halfway  to  the  end  of  the  dorsal  cirrus.  Terminal 
joint  with  a  verjr  short  terminal  and  a  single  subapical  tooth.  Apex  of  basal 
portion  with  minute  denticulations. 

Type  in  American  Museum  of  Natural  History. 

Collected  at  the  Dry  Tortugas  in  1914. 

^Bulletiii  of  the  Ameriean  Museum  of  Natural  History,  vol.  30. 
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FAMILY  POLTNOIDiC. 


Length  of  type  14  mm.;  greatest  breadth  at  end  of  anterior  third  4  mm.; 
bod^  tapering  from  here  in  both  directions,  but  the  head  is  broacter  than  the 
pygidimn. 

The  head  (plate  1,  fig.  4)  is  oval  with  the  transverse  diameter  the  longer, 
with  a  narrow  median  posterior  depression  and  a  much  wider  anterior  one,  tiae 
latter  filled  with  the  base  of  the  median  tentacle.  Posterior  eyes  very  smaU 
and  situated  on  the  dorsoHposteri<N*  surface,  the  anterior  ones  lari^,  on  the 
antero-ventral  surface,  and  not  visible  from  above.  At  the  antenor  margin 
the  head  is  continued  into  the  bases  of  the  lateral  tentacles,  with  a  constric- 
tion at  the  base  of  the  latter.  Lateral  tentacle  not  more  than  half  as  long  as 
head,  lanceolate,  with  acute  tip.  The  other  tentacles  and  tentacular  cirri 
had  been  lost.    Palps  about  6  tmies  the  length  of  the  head,  perfectly  smooth. 

The  body  has  39  somites  and  15  pairs  of  elytra.  In  alcohol  the  color  is  a 
yellowish  brown  with  no  trace  of  pigmentalion  exc^t  on  the  elytra.  On  each 
elytron  a  dark-brown  pigment  patch  extends  from  the  attachment  of  the 
elytrophore  toward  the  median  longitudinal  line  of  the  body.  This  is  crossed 
by  a  definite  white  line  at  the  position  of  the  inner  margin  of  the  elytrophore 
and  does  not  reach  the  edge  of  the  elytron.     (Plate  1,  fig.  5.) 

First  parapodium  (plate  1,  fig.  6)  with  prominent  antero-dorsal  lip  <m  the 
neurc^Kxiium,  the  notopodium  slender  and  cirrus-like,  with  an  acicijda  and  a 
bundle  of  delicate,  curved,  minutely  denticulate  sets.  The  ventral  cirrus  is 
very  slender,  reaching  nearly  to  the  tip  of  the  neuropodium.  A  parapodium 
from  the  middle  of  the  body  (plate  1,  fig.  7)  has  the  neuropodia  and  notc^Kxiia 
much  as  in  the  anterior  one,  but  the  antero-dorsal  lobe  of  the  notopodium  is 
more  acutely  conical  in  form.  The  dorsal  cirrus  has  a  stout  basal  joint,  its 
terminal  joint  slender  and  tapering,  extending  beyond  the  apex  of  the  para- 
podium. The  ventral  cirrus  is  situated  on  the  neuropodium  about  one-third 
of  its  length  from  the  apex.  Each  lobe  of  the  parapodium  has  an  aciculum 
and  the  arrangement  of  sets  is  much  as  in  the  earli^  somite. 

In  the  middle  parapodium  are  three  kinds  of  setee: 

(1)  Notopodial:  these  are  b31  alike,  each  seta  being  veay  long  and  slender, 
curving  gently  toward  apex  and  with  very  delicate  teeth  along  one  edge;  fine 
lines  across  the  seta  possibly  indicate  minute  plates  of  which  the  teeth  are  the 
free  ends  (plate  1,  fig.  8). 

(2)  Dorsal  neuropodial :  with  long  slender  shafts,  but  with  the  terminal  third 
of  the  seta  elongated  lanceolate  in  form;  minute  transverse  i^tes  in  this 
terminal  third  protrude  from  the  margin  so  as  to  give  it  a  minutdy  toothed 
appearance  (plate  1,  fig.  9). 

(3)  Ventral  neiu-opodial :  those  lying  next  to  the  dorsal  ones  are  much  like 
them  in  length,  but  have  heavier  shafts  and  the  terminal  swelling  is  shorter, 
so  that  the  lanceolate  end  is  less  elongated;  the  more  ventrally  placed  ones 
are  shorter,  so  that  those  on  the  very  ventral  side  are  not  more  than  half  as 
long  as  the  dorsal  ones;  each  (plate  1,  fig.  10)  has  5  or  more  rowd  of  finely 
toothed  plates  beyond  the  base  of  the  lanceolate  portion,  with  very  fine  trans- 
verse plates  between  the  last  of  these  and  the  apex  of  the  seta.  The  apex  in 
both  kinds  of  ventral  setsB  is  bifurcate. 

Collected  July  6,  1915,  on  a  Marphysa  from  Mangrove  Key,  in  Key  West 
Harbor. 
Type  in  American  Museum  of  Natural  History. 
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Lepldastheiiia  rariiis  n.  sp. 

Body  variable  in  number  of  somites  and  length;  one  entire  individual  of 
50  Bcmiites  measured  30  mm.,  while  an  incomplete  specimen  contained  80 
somites  and  measured  48  mm.    Greatest  width  of  larger  specimen  3  mm. 

The  head  (plate  1,  fig.  11)  with  sides  smoothly  rounded  laterally  and  taper- 
ing genth"  to  the  basc^  of  the  tentacles.  The  posterior  margin  is  deeply  in- 
ci^d  and  a  faint  groove  is  carried  over  the  dorsal  surface  to  the  base  of  the 
median  tentacle.  The  greatest  width  is  behind  the  middle,  and  this  is  about 
equal  to  the  length.  There  are  apparently  2  pairs  of  eyes,  the  anterior  lar^ 
and  situated  on  the  antero-lateral  surface,  the  posterior  near  the  posterior 
margin  of  the  head.  Neither  eye  showed  any  pigment,  their  position  being 
indicated  by  an  elevated  patch  of  whitish  epithehum. 

The  tentacles  are  carried  on  prominent  basal  joints,  the  median  one  being 
larger  tiian  either  of  the  others.  The  median  and  one  lateral  were  absent  in 
botii  specimens.  The  remaining  lateral  was  about  2}  times  as  long  as  the 
head,  quite  uniform  in  diameter  except  for  a  subterminal  swelling  and  acute 
apex.  Tentacular  cirri  similar  in  form  to  the  tentacles,  but  larger  and  with 
traces  of  pigmentation  near  their  ends.  The  palps  are  much  longer  than  the 
drri,  tapering  very  gradually  imtil  near  the  end,  then  abruptly  narrowing  to 
an  acute  apex.  With  high  power  a  few  very  small  papilke  can  be  seen  near  the 
apex.  The  ventral  cirrus  of  the  second  somite  (first  setigerous)  and  the  dor- 
sal cirri  of  the  next  somite  much  like  the  tentacles  in  form,  but  shorter  and 
with  less  evident  subterminal  swellings.  Later  dorsal  cirri  are  successively 
smaller  and  throughout  the  greater  part  of  the  body  are  conical,  with  acute 
tip.  Of  the  ventral  cirri,  idl  but  the  first  pair  are  small  and  conicsd;  the  anal 
cirri  are  much  like  the  dorsal  in  form. 

Elytra  are  carried  on  somites  2,  4,  5,  etc.,  to  23,  27,  and  behind  this  two 
somites  are  regularly  interposed  between  each  pair  of  elytron-bearing  somites. 
The  first  pair  covers  the  head,  while  succeeding  ones  are  smaller  (^.  fig.  12, 
plate  1,  of  the  first,  with  fig.  13,  plate  1,  of  the  eighth)  and  because  of  their 
amaU  sixe  and  transparency  they  are  easily  overlooked  and  may  seem  to  be 
abe^it.  Toward  the  posterior  end  they  are  larger  and  cover  more  of  the  body, 
tiie  terminal  somites  being  entirely  covered.  They  are  all  transparent,  but 
behind  the  middle  of  the  body  each  carries  a  patch  of  pigment,  surrounding 
the  point  of  attachment  of  the  elytrophore  and  extending  to  the  inner  margin 
of  the  elytron.  There  is  a  very  distinct  line  between  this  pigment  and  the 
point  of  attachment,  giving  the  body  in  this  region  an  ocellated  appearance. 
The  elytra  all  have  smooth  margins  and  are  oval  or  round  in  outline. 

The  first  parapodium  (plate  1,  fig.  12)  cylindrical,  very  slightly  expanded 
at  apex,  with  presetal  and  postsetal  lobes,  the  latter  much  the  larger  and 
curved  upward  at  end.  Between  the  two  is  a  single  row  of  stout  sete,  their 
apices  extending  for  only  a  short  distance  beyond  the  postsetal  lobe.  There 
18  no  indication  of  dorsal  sets,  but  two  adculse  extend,  one  into  the  dorsal 
part  of  the  parapodium  and  one  into  the  ventral. 

The  elytrophcm  is  expanded  at  the  apex,  carrying  the  laree  rounded,  nearly 
oval,  elytron.  The  ventral  cirrus  is  on  a  promment  cirrophore  and  is  nearly 
8  times  as  long  as  the  parapodium,  abruptly  narrowing  toward  the  end  to 
form  a  slender  acute  tip. 

The  second  parapodium  is  very  similar  to  the  first  in  appearance  and  arrange- 
ment <rf  set®  (plate  1,  fi^.  14),  with  a  dorsal  cirrus  resembling  the  ventral 
cirrus  df  the  first  parapodium.  The  ventral  cirrus  has  a  termind  joint  in  the 
fcNrm  of  a  narrow  cone,  about  as  long  as  the  parapodium.  The  fifteenth  para- 
podium (plate  1,  fig.  13)  with  very  small  ach»tous  notopodium  and  a  neuro- 
podium  much  like  mose  of  earlier  somites,  but  with  a  very  small  elytron.  The 
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voitral  cirrus  of  the  fifteenth  is  similar  to  that  cf  the  second.  There  is  a 
single  row  of  very  stout  sets  and  there  are  adcuhe  in  both  noto-  and  neuro- 
podia.  This  general  form  of  pan^xKlium  is  continued  to  the  end  <rf  the  bodv, 
thoudi  the  anterior  and  posterior  lips  of  the  parapodia  become  more  nearly 
equal,  so  that  the  organ  when  viewed  from  above  has  a  bifurcated  appearance. 
The  nephridial  papillae  are  cylindrical  and  very  prominent. 

The  set®  are  essentiaUy  alike  throughout  the  body,  differing  only  in  the 
relative  sise  of  the  different  parts.  E^h  has  a  stout  shaft  (plate  1,  figs.  15 
and  16),  widening  toward  the  end  but  narrowing  to  a  pointed  apex  and  with 
a  sharp  subtermmal  tooth.  On  their  dorsally  directed  surfaces  each  has  a 
series  of  alternately  arranged  plates  with  thdr  free  ends  finely  toothed.  The 
setsB  of  the  dorsal  part  of  the  setae  bundle  havemore  numerous  plates  than 
ventrally,  the  middle  ones  being  intermediate  as  regards  ttiis  character. 

One  of  the  two  specimens  showed  an  indication  of  a  brown  color  over  the 
head  and  bases  <rf  the  antennse.  Somites  2  and  3  were  imodcH^d.  From 
somite  5  to  somite  20  the  dorsum  has  a  brown  band,  due  to  transverse  marldngs 
in  each  somite;  these  are  shorter  than  the  somite  diameter,  so  that  the  margins 
of  the  somites  above  the  parapodia  appear  uncolored,  but  somites  6, 8, 12, 14, 
and  20  are  uncolored,  thus  f(»ming  interruptions  in  this  band.  Behind 
somite  20  the  markings  occur  only  in  the  elytra-bearing  somites. 

Collected  in  the  Dry  Tortugas  in  1914. 

Tjrpe  and  cotype  in  the  American  Museum  of  Natural  History. 

HannotlMM  rarief  aU  r.  ap. 

The  type  specimen  was  collected  at  the  Dry  Tortugas  in  1909.  I  also  have 
specimens  collected  at  St.  Augustine,  Florida,  and  loaned  to  me  by  Professor 
VenilL 

The  type  is  26  mm.  long  and  5  mm.  wide  in  its  widest  part,  near  the  middle; 
from  h^  it  tapers  toward  both  ends,  but  more  noticeably  so  posterioriy  than 
anteriorly.    There  are  39  somites,  and  15  pairs  of  elytra. 

The  most  striking  part  of  the  coloration  of  the  alcoholic  specimens  is  f  oimed 
by  the  marking  of  the  elytra.  The  inner  and  posterior  margin  of  each  el^tnm 
is  marked  with  a  dark  line,  which  in  the  inner  posterior  quadrant  is  contmued 
as  a  pigment  patch,  of  a  slightly  lighter  shade  than  the  margin,  to  reach  the 
elytrophore  attachment  (plate  1,  fig.  17).  When  the  elytra  are  in  place  the 
genenJ  effect  is  that  of  a  broad  median  dark  band  on  each  elytron,  the  lateral 
posterior  quadrant  of  each  lighter-colored,  but  surrounded  by  a  narrow  mar- 
ginal band.  The  remainder  of  the  dorsal  surface  is  uncolored,  except  that  at 
the  beginning  of  the  posterior  quadrant  prominent  black  spots  appear  on  the 
base  and  apex  of  some  parapodia,  usually  only  on  elytm-beanng  somites. 
Approximately  the  last  10  somites  have  a  median  dorsal  pigment  patch  and 
6  are  uncovered  by  elytra. 

Ventrally  the  margins  of  the  mouth  are  pigmented,  the  pigmentation  con- 
tinuing on  either  side  as  a  single  patch  at  the  base  of  each  part^xxlium,  toward 
the  posterior  end  extending  so  as  to  cover  a  laige  part  of  the  ventral  siirface. 

The  head  is  only  slightly  rounded,  a  Uttle  longer  than  broad,  the  anterior 
notch  very  narrow  (plate  1,  fig.  18).  Peaks  of  head  very  slightly  marked  off 
from  the  ceratophores  of  the  lateral  tentacles,  the  latter  about  one-quarts 
as  long  as  the  head  and  densely  pigmented.  The  terminal  joint  of  the  tentacle 
is  slender,  its  entire  length  not  more  than  twice  that  of  the  ceratophore,  its 
tip  filiform.  The  basal  half  of  this  terminal  joint  is  pigmented,  the  terminid 
half  being  also  colored,  but  not  so  deeply  as  the  basal;  apex  uncolored.  The 
median  tentacle  had  been  lost,  but  its  ceratophore  is  large,  overlapping  the 
lateral  ones,  pigmented  at  its  end.    Palps  rather  stout,  a^ut  3  times  as  long 
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as  the  bead,  their  middle  third  pigmented.  On  the  type  there  remained  one 
ventral  tentacular  cirrus,  slender  and  extending  to  about  the  middle  of  the  palp, 
with  a  median  and  terminal  pigpnent  patch;  all  other  tentacular  cirri  were  lost, 
as  weare  most  of  the  dorsal  cirri.  Those  dorsal  cirri  remaining  were  slender, 
geptty  tapering  to  the  apex,  more  or  less  pigmented  for  the  tenninal  half,  but 
with  a  subterminal  white  patch.  The  anal  cirri  are  larger  than  the  dorsal 
and  entirely  pigmented. 

The  elytra  are  very  similar  in  character  throughout  the  body,  with  an 
entire  margin  and  without  papilbe;  they  are  transparent,  so  that  although  they 
overlap,  the  pigment  of  the  under  one  shows  through  the  upper  and  gives  the 
impression  of  a  continuous  line. 

The  notopodium  <rf  the  first  parapodium  is  thicker  than  the  neuropodium 
and  extends  about  half  as  far  from  the  body.  It  bears  from  the  bottom  of  an 
oval  terminal  depression  a  tuft  of  heavy  setee,  of  which  the  ventralmost  are 
eqsecially  large  (plate  2,  fig.  1).  The  adcula  extends  into  a  conical  expansion 
ventral  to  thu  depression. 

N^in^Kxlium  much  wrinkled,  its  dorso-anterior  angle  prolonged  into  a 
c(mical  process;  it  carries  a  single  acicula  and  large  setse.  The  ventral  cirrus 
18  large,  equal  in  sise  to  the  dorsal  cirrus  of  the  second  parapodium;  its  elytron 
was  broken  from  the  specimen  figured,  only  its  ceratophore  being  represented. 

The  second  parapodium  has  a  less  developed  notopodium  than  the  first, 
but  the  sets  in  the  two  are  very  similar.  Neuropodium  more  conical  than  in 
the  first,  with  a  finger-shaped  process  at  end  of  antero-dorsal  lobe.  Ventral 
dmm  two-thirds  as  long  as  the  neuropodium,  the  dorsal  cirrus  longer  than  the 
parapodium,  taperin|;  gradually  to  the  apex. 

Toward  the  posterior  end  (plate  2,  fig.  2)  of  the  fifteenth  from  the  posterior 
end  the  ventral  cirri  become  very  small,  while  an  anterior  lobe  appears  in 
the  notopodium.  In  other  req)ect8  the  parte  of  the  parapodium  have  a 
rdative  form  much  as  anteriorly,  and  the  very  large  set®  continue  in  the 
notqpodium. 

The  large  sets  of  the  dorsal  tuft  vary  much  in  sixe,  but  the  ventral  ones  are 
largest.  They  have  a  striated  axis,  which  tenninates  in  a  blunt  point  and 
ah^  traces  of  rows  of  minute  teeth  along  the  shaft.  The  apices  were  invar- 
iably covered  with  a  thick  brownish  incrustation,  which  made  it  impossible 
to  detennine  thdr  exact  fonn.  The  setae  of  the  ventral  bundle  (plate  2, 
%.  8)  with  long  tapering  shaft  and  a  subterminal  tooth  at  some  distance 
below  the  apex.  The  expanded  portion  of  the  seta  with  numerous  rows  of 
▼ery  minute  teeth,  apparently  extending  entirely  around  it,  but  larger  on  the 
convex  surface;  these  stop  at  the  subteraiinal  tooth. 

Type  in  American  Museum  of  Natural  History.  Cot3rpe  in  the  Yale  Uni- 
versity Museum. 

PoBtof  enia  maf  gi»  Amg ener. 
P^ttiooemim  maggia  Auobnbb,  1906.  p.  103. 

A  single  q)edmen,  dredged  July  19, 1915,  south  of  Loggerhead  Key,  agrees 
closely  with  Augener's  description,  though  if  his  figure  of  the  head  is  accurately 
drawn  his  specimen  was  poorly  preserved.  While  there  are  lateral  lobes  as 
he  figures,  they  are  not  as  deeply  incised  as  is  shown  in  his  figure  and  they 
are  carried  on  the  dorso-lateral  surface,  so  that  the  head  is  broadest  at  its 
junction  with  somite  1.  The  median  tentacle  is  shorter  than  the  dorsal  cirrus 
and  very  delicate.  Each  eye-stalk  carries  dorsally  a  small  eye,  and  antero- 
ventrally  a  much  larger  one,  somewhat  as  in  Ehlers's  Pontogenia  aericoma 
(Ehlers,  1887,  plate  7,  fig.  2),  but  unlike  that  species  these  are  carried  on  prom- 
inent stalks.    Brown  papillse  very  abundant  over  the  entire  ventral  simace. 
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but  ooourring  alao  on  the  head  and  donti  surfaces  <rf  the  elytne,  form  a  notice- 
able feature  ot  this  species. 

Each  Bcmdte  with  ooe  or  two  v^  heavy,  lone,  f^Utfsy  sete,  longer  than 
diameter  of  body  and  lying  a^tMs  its  dorsal  sunace.  If  I  und^vtand  cor- 
rectly Augener's  description,  these  are  distinct  frcnn  his  ''starke  dcMrsale 
bcNTste/'  which  is  sborter  than  these.  I  do  not  find  in  the  latter  any  minute 
tubercles  and  would  suggest  that  perhaps  what  he  saw  were  partides  of 
foreign  matter. 

FAMILY  PHTLLODOCIDiC. 
PliyBo^ce  tertmem  n.sp. 

Body  of  t3rpe  120  nmi.  long,  <rf  more  than  200  somites.  Prostomium 
1.5  mm.  in  diameter,  rather  longer  than  broad  (plate  2,  fig.  4).  Antmor 
and  lateral  margins  ot  prostomium  rounded,  but  posteriw  half  of  lateral  mar- 
gin nearly  strai^t.  Posterior  margin  deeply  incised,  and  a  nuchal  pi^illa 
projects  mto  tlus  incision.  Four  subequal  tentacles  having  rounded  ^ids, 
their  length  not  more  than  one-fourth  that  of  head.  Eyes  one  pair,  large, 
black. 

The  ceratophores  of  all  tentacular  cirri  are  prominent,  those  ci  the  dorael 
ones  on  somite  2  being  the  longest.  The  termmal  joint  of  the  first  cirrus  and 
the  ventral  one  of  the  second  pair  are  very  similar  m  form  and  siie,  while  the 
dorsal  one  on  somite  2  is  the  longest,  reaching  to  the  ninth  somite;  cirrus  of 
third  somite  intermediate  in  length  between  the  other  two. 

The  partially  protuded  proboscis  bears  on  either  side  a  dense  arrang^n^it 
of  disk-like  papiUffi,  a  median  dorsal  and  ventral  region  being  free  from  them. 

The  greatest  width  of  the  body,  about  3  mm.,  was  reached  at  somite  18. 
The  anal  cirri  were  much  distorted  in  the  type.  On  a  cotype  which  was  r^en- 
erating  the  posterior  end,  there  was  a  single  anal  cirrus  similar  in  form  to  the 
tentacular  cirri,  but  much  smaller. 

Notocirri  of  anterior  region  obovate  and  inconspicuous  in  preserved  material, 
standing  well  out  from  surface  of  body;  they  are  larger  and  more  oon^icuous 
toward  the  middle  of  the  body,  and  ddcidedly  overlap  one  anoth^,  though  at 
no  time  do  they  cover  any  very  large  part  of  the  surface. 

The  parapodia  (plate  2,  fig.  5,  of  the  tenth)  with  a  bifid  antericH-  lip,  the 
posterior  Up  short^  and  rounded  (shown  in  dotted  line  in  figure).  A  single 
acicula  extends  through  the  middle  of  the  parapodium,  the  latter  bearing  <m 
the  end  a  row  ot  about  10  compound  setse.  The  notocirrus  is  carried  on  a  very 
stout  ceratophore.  The  neurocimis  is  on  the  postero-ventral  face  of  the 
parapodium,  its  lower  margin  broadly  rounded,  biding  up  to  form  an  acute 
angle  with  the  straight  upper  margin.  Later  parapodia  are  similar  to  this  in 
every  detail,  with  the  possible  exception  of  a  slight  increase  in  the  sise  of  the 
notocirrus. 

Seta  from  tenth  parapodium  (plate  2,  fig.  6)  slender  with  the  apex  of  the 
basal  joint  covered  with  spines  on  its  convex  surface;  terminal  joint  long, 
slender,  fine-pointed,  with  row  of  minute  teeth  along  the  concave  surface. 
The  sete  of  later  somites  resemble  these  in  form,  but  the  basal  joint  becomes 
longer,  causing  the  seta  to  protrude  considerably  beyond  the  pari^xxiium. 

Type  and  cot3rpe  in  American  Muswm  of  Natural  History. 

The  t3rpe  was  collected  at  Loggerhead  Key  in  the  Dry  Tortugas  in  1914.  The 
cotype  was  obtained  by  dredging  about  10  miles  south  of  Lofiperhead  in  1915. 
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FAMILY  LEODICIDiC. 
Lunbrinereis  dnfiilaU  n.  sp. 

An  unusually  small  representative  of  this  genus,  the  largest  individuals 
being  not  over  40  mm.  long  with  a  prostomial  width  of  1  mm.  The  type 
after  preservation  was  37  mm.  long  and  had  98  somites. 

The  prostomium  when  extended  is  broadly  rounded,  its  length  a  little  greater 
than  its  breadth  (plate  2,  fig.  7).  There  are  no  eyes,  but  some  individuals 
have  two  relatively  rather  large  pigment  patches  near  the  anterior  border. 
The  head,  both  dorsally  and  ventrally,  is  thickly  studded  with  minute  tuber- 
cles, clearly  seen  only  under  rather  hi^h  magnification.  These  appear  dark 
by  transmitted,  white  by  reflected  light. 

The  first  two  somites  are  about  eqiud  in  size  (with  tubercles  similar  to  those 
on  the  prostomium),  and  each  marked  dorsally  by  two  prominent  bands  of 
pigment  spots.  On  later  somites  the  tubercles  are  present,  but  except  on  the 
lai^  two  somites  are  less  numerous  than  anteriorly.  Anteriorly  the  somites 
behind  the  second  have  a  narrow  transverse  band  of  pigment  spots  with  occa- 
sionally much  fainter  bands  at  the  margins  of  the  tuberculated  areas;  they 
disappear  entirely  after  the  thirtieth  somite.  Ten  or  more  of  the  most  pos- 
terior s(»nites  have  prominent  ventral  pigment  patches  which  fuse  to  form  a 
line  that  is  wider  in  the  center  of  each  somite  than  intersegmentally.  The 
body  is  very  soft  and  easily  broken,  and  secretes  large  amoimts  of  mucus  when 
put  in  clean  water.    There  are  two  pairs  of  stout,  unequal  anal  cirri. 

The  parapodia  are  similar  throughout  the  body.  Each  (plate  2,  fig.  8)  has 
an  anterior  and  a  posterior  lobe,  the  latter  much  the  lai]ger.  I  was  unable  to 
find  any  adculse.  Sets  of  two  kinds.  In  the  anterior  somites  the  most 
prominent  are  the  winged  variety  (plate  2,  fig.  9);  each  has  two  winged  pro- 
cesses and  its  axis  is  drawn  out  in  an  acute  point,  often  much  longer  than  in 
the  one  figured.  At  the  sixteenth  parappd  in  two  specimens  I  examined  (I 
am  not  sure  that  ttiis  is  a  constant  position)  the  winged  setse  disappear  and 
hooded  forms  (plate  2,  fig.  10)  take  their  place.  In  most  cases  it  seemed  as 
if  only  winged  ones  were  present  in  anterior  somites,  but  in  the  fifth  para- 
podium  of  one  specimen  was  one  hooded  form  which  barely  protruded  from  the 
surface. 

The  maxillffi  (plate  2,  fig.  11)  are  dark  in  color.  The  base  is  roughly  tri- 
angular, very  dark  brown,  with  lighter  margins.  Basal  portion  of  forceps 
raUier  broad  and  long,  extending  fully  half  the  length,  terminal  portion  slender 
and  curved.  A  dark-brown  pigment  covers  the  terminal  portion  and  con- 
tinues as  a  dark  mar^  along  the  inner  edge  of  the  basal  portion,  the  remain- 
der of  the  forceps  bemg  much  lifter  in  color.  The  large  paired  plates  have 
each  5  large,  dark-brown  teeth,  the  remainder  being  colored  like  the  lighter 
part  of  the  forceps.  Of  the  two  pairs  of  distal  pau^  plates,  the  first  has 
3  teeth,  the  second  2;  each  is  continued  laterally  into  a  clutinous  plate  dotted 
with  black.  The  left-hand  plates  in  the  figure  have  been  turned  over.  The 
mandibles  are  very  delicate  and  difficult  to  separate  from  the  maxillie;  they 
are  nearly  transparent,  the  only  definite  pigment  being  a  dark  spot  on  each 
near  its  outer  anterior  ang^e.  The  terminal  beveled  plate  is  not  divided  in 
the  middle  line.    (Plate  2,  fig.  12) 

C<dlected  at  the  Tortugas,  where  only  3  individuals  were  found,  living  in 
the  crevices  of  broken  coral,  which  make  up  a  coarse  gravel  on  parts  of  the 
bottom  about  12  miles  south  of  Loggerhead  Key.  Tliey  were  common  in 
Bennuda,  living  in  the  crevices  of  the  porous  surface  of  coral  rocks,  just  below 
low-water  mark,  and  scnne  were  found  m  a  sponge.    The  type  is  from  Bermuda* 

Type  in  the  American  Museum  of  Natural  History. 
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Marphysa  Tirldfa  a.  sp. 

The  type  specimen^  preflerved  and  much  contracted,  was  100  mm.  long, 
2.5  nmi.  broad  at  peristomium,  and  5  nmi.  broad  at  point  of  greatest  width, 
which  was  at  middle  of  body.    It  had  approximately  200  scnnites. 

In  life  the  head  and  first  somite  are  of  a  decidedly  greenish  color;  remainder 
of  body  colored  only  by  the  blood  seen  through  body-wall  and  ^Ds.  The 
head  is  distinctly  bilobed  and  citable  of  consid^sJ[>le  changes  of  form  (plate  2, 
fig.  13).  The  tentacles  are  slender,  colorless,  and  extend  to  the  third  somite. 
In  life  the  eyes  are  prominent,  but  become  less  so  after  preservation.    In 

e reserved  material  the  body  as  far  as  the  ninth  somite  is  very  iridescent,  but 
ehind  this  it  is  of  a  uniform  grayish  brown. 

Peristomium  about  as  long  as  head,  a  little  wider  on  posterior  than  on 
anterior  margin,  and  only  faintly  marked  off  from  the  second  scnnite,  which 
is  about  half  as  long  as  it.  Succeeding  somites  practically^  uniform  in  width 
and  length  until  th^  narrow  at  posterior  end.  Anal  cirri  inconspicuous,  but 
one  of  the  two  pairs  much  longer  than  the  other. 

The  gills  begin  in  the  tyi>e  specimen  on  the  right  side  on  somite  25  with  a 
double  filament;  on  the  Mi  they  begin  with  one  filament  on  24,  beconung 
double  on  25.  In  later  somites  the  filaments  increase  rapidly  in  length  and 
new  ones  appear  irregularly,  the  largest  number  I  could  find  on  the  type 
being  5.  Toward  the  posterior  end  the  number  again  diminishes,  and  the 
last  gill  was  on  the  twenty-fourth  somite  from  tiie  pygidium.  The  branches 
of  all  gills  are  long  and  straight,  but  except  in  contracted  individuals  they  do 
not  meet  across  the  dorsal  surface  of  the  body  (plate  2,  fig.  14). 

First  parapodium  with  doroBl  and  ventral  cirri  about  equal  in  length  and 
with  a  conical  postHsetal  lobe.  The  setal  lobe  bears  several  aciculse  ^late  2, 
fig.  15).  The  tenth  pari$>odium  with  a  rounded  dorso-latercd  post-setal  lobe, 
the  setal  portion  with  two  lobes,  one  dorso-posterior,  the  other  ventro-anterior. 
The  dorsal  cirrus  has  a  constricted  base,  then  broadatis,  and  finally  narrows 
to  a  rounded  tip.  The  ventral  cirrus  has  a  brood  base  of  attachment  and  is 
bluntly  rounded  at  apex. 

A  parapodium  from  the  middle  of  the  body  has  rounded  setal  lobe,  whose 
anterior  and  posterior  lips  are  about  equal  in  size  (plate  2,  fig.  14).  The 
dorsal  cirrus  is  smaU  and  does  not  extend  much  beyond  the  setal  lobe.  The 
ventral  cirrus  has  a  broad  base,  and  a  smaU  cylindrical  terminal  portion.  The 
gin  filaments  are  about  equal  in  length  and  arise  from  a  broad  base.  There 
are  two  dorsal  adculsB  having  rounded  ends,  while  a  ventral  acicula  with 
bifid  end  emerges  just  dorsal  to  the  ventral  cirrus.  Behind  the  gill-bearing 
somites  the  cirri  become  more  prominent,  the  dorsal  being  the  more  slender 
of  the  two. 

Simple  setse  slender  with  swollen  pointed  apex  having  entire  edges.  Com- 
pound seta  (plate  2,  fig.  16)  has  prominent  serrations  on  the  end  of  the  basal 
joint,  the  terminal  joint  long,  gently  curved,  without  teeth.  Pectinate  sets 
of  two  kinds;  in  the  anterior  somites  they  have  about  20  very  minute  teet^, 
the  end  ones  being  a  trifle  lon^  than  the  others  (plate  2,  fig.  17).  Posteriorly 
are  found  asymmetrical  pectmate  sets  (plate  2,  fig.  18)  flattened  more  than 
the  others  and  with  only  about  8  prominent  teeth.  In  the  middle  somites 
both  kinds  may  occur.  The  dorsal  acicute  are  rounded  at  the  end,  and  are 
darker  in  anterior  than  in  posterior  somites.  The  ventral  acicute  are  lighter 
in  color  than  these,  and  are  bifid  at  the  end.  In  the  posterior  somites  there 
occur,  what  I  could  not  find  in  the  anterior,  needle  acicuke  extending  into  the 
dorsal  cirrus. 

Jaws  very  dark,  the  forceps  large  with  respect  to  the  base,  curved  throu^ 
20°.    The  proximal  paired  plates  have  5  teeth  on  the  left  side  and  6  on  -Se 
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right.  Distal  paired  plates  with  7  on  the  right  and  4  on  the  left.  The 
unpaired  plate  with  8  (plate  3,  fig.  1)  teeth.  The  mandibles  had  very  long, 
slender,  dark  shafts,  the  beveled  portion  being  small  and  its  surface  white, 
escqpt  for  a  black  outer  edge  (plate  3,  fig.  2). 

ejected  July  1915  at  Mangrove  Key,  Key  West  Harbor;  Boca  Grande; 
and  at  Marquesas,  in  sandy  mud  within  digging  distance  of  low-water  mark. 

Type  in  American  Museum  of  Natural  History. 

Marphysa  nobflis  n.  sp. 

A  large  species,  one  specimen  of  average  size  measuring,  after  preservation, 
350  mm.  in  length,  with  a  peristomial  diameter  of  4  mm.  The  three  somites 
fcdlowing  the  prostomium  were  of  the  same  breadth  as  the  prostomium,  but 
there  was  a  later  gradual  enlargement  to  7  mm.  at  the  seventeenth  somite. 
Behind  this  there  was  a  gradual  narrowing  to  the  posterior  end,  this  narrowing 
being  more  evident  from  somite  17  to  somite  30.  These  measurements  were 
taken  on  preserved  material  in  which  the  relative  proportions  may  not  have 
been  exactly  as  in  life. 

The  body  of  the  living  animal  is  a  flesh  color  due  to  the  contained  blood, 
and  anteriorly  is  markedly  iridescent.  The  only  pigmentation  of  the  surface 
is  in  the  form  of  green  bands  on  the  otherwise  colorless  tentacles  and  numerous 
yellowish  spots  scattered  over  the  anterior  surface  of  the  body.  The  posterior 
part  of  the  body  during  life  is  decidedly  transparent.  Preserved  material  is 
uniformly  brownish  gray.  In  life,  the  red  gills  give  a  decided  tint  to  the 
middle  portion  of  the  body. 

The  prostomium  (plate  3,  fig.  3)  is  bilobed,  though  the  depth  of  the  median 
d^reseion  varies  at  dififerent  times  during  life.  When  fuUy  expanded  its 
anterior  edge  is  nearly  straight  and  it  tapers  on  either  side  to  a  narrower  base. 
The  tentacles  are  longer  than  the  prostomium,  approximately  equal  in  size,  and 
only  very  gradually  ^pering  to  the  apex.  The  green  color  noticeable  in  Uving 
matmal  is  lost  on  preservation,  and  it  is  then  seen  that  a  constriction  occurs 
at  each  green  band;  this  resembles  an  articulation,  but  I  think  is  not  a  true 
jointing.    There  is  one  pair  of  smaU  ^es. 

.  The  peristomium  is  rather  short,  though  its  absolute  size  naturally  varies 
with  the  degree  of  expansion.  The  constriction  between  it  and  the  second 
somite  is  very  obscure,  so  that  the  two  are  practically  continuous. 

The  gills  begin  as  a  single  filament  on  the  region  of  the  twenty-fourth^  to 
the  twenty-ninth  somite  and  acquire  a  second  filament  a  few  somites  behind 
this.  They  later  have  as  many  as  6  filaments  (plate  3,  fig.  4)  and  when  fuUy 
developed  meet  from  opposite  sides  across  the  dorsal  surface.  Posteriorly 
th^  beoome  smaller  and  fimally  disappear  entirely  at  about  45  somites  from 
tbepoeterior  end. 

The  first  pan^Kniium  (plate  3,  fig.  5)  with  prominent  dorsal  and  ventral 
cirri  and  a  long,  cimiSHshaped,  posterior  lobe.  The  anterior  lobe  is  truncated. 
Two  short,  very  black  aciculse  are  in  this  parapodium  and  it  carries  dorsally  a 
sin^  tuft  of  needle  set».  The  ventral  seta  tuft  is  short  and  lies  behind  the 
ventral  cirrus  and  contains  compound  and  pectinate  setse.  The  tenth  para^ 
podium  has  a  large  posterior  lobe  with  the  apex  bent  dorsally  and  a  truncated 
anterior  lobe.  The  ventral  cirrus  is  conical,  the  dorsal  with  a  decided  lobe 
on  its  ventral  surface.  Three  aciculse  extend  beyond  the  end  of  the  para- 
podium. Pan^KHiium  150  (plate  3,  fig.  4)  shows  much  less  distinction  be- 
tween anterior  and  posterior  margins  than  do  the  anterior  ones.  The  ventral 
cirrus  is  small,  borne  on  a  rounded  base,  the  dorsal  cirrus  iJso  small  with  a 
ventral  lobe.  The  gill  is  rather  thick  and  heavy  at  the  base,  but  soon  divides 
into  filaments.    The  sets  are  as  in  anterior  somites  and  there  are  two  acicul®. 
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In  the  body  at  the  base  of  the  gill  is  a  black  spot.  Toward  the  posterior  end 
the  form  of  the  parapodium  changes  very  little,  but  the  cirri  bcMXxne  slendw 
and  a  ventral  light-brown  acicula  makes  its  i4[>pearance. 

The  simple  setse  are  long,  with  a  broadened  terminal  p<H^n,  but  without 
notiottible  fin  or  denticulations.  The  coomound  sets  have  very  long  t^minal 
joints,  not  toothed  at  the  edge  (plate  3,  ng.  6).  This  terminal  joint  is  rela- 
tively shorter  through  the  gill  region  than  anteri<n*ly.  Pectinate  set»  of  two 
forms;  anteriorly  with  20  to  25  relatively  very  short  teeth,  the  terminal  ones 
not  very  long;  through  the  middle  of  the  body  a  second  form  appears,  having 
not  over  12  very  prominent  teeth  (plate  3,  fig.  7).  These  are  more  num«x)U6 
than  the  other  form  in  the  region  of  the  gills.  The  dorsal  aciculs  are  black 
with  rounded  ends,  the  posterior  ventral  ones  lighter  in  color  and  with  a  ter- 
minal bifurcation. 

The  jaw  apparatus  is  dark  brown.  The  basal  portion  of  the  fcMrceps  is  short 
and  the  median  portion  rather  long,  terminfd  pcrtion  gently  curved,  concave 
on  inner  surface.  In  larger  individuals  each  inner  paired  plate  has  4  teeth, 
though  in  immature  specimens  the  proximal  tooth  may  not  I4[>pear.  Outer 
paired  plates  with  7  teeth  on  the  right  side,  4  on  the  left,  2  of  these  being  much 
larger  than  the  others  (plate  3,  fig.  8).  Unpaired  plate  with  6  teeth.  Be- 
yond these  teeth  the  margin  is  usually  smooth,  but  denticulations  ma^  i4>pear 
m  it.  On  either  side  beyond  the  toothed  plates  is  a  thin  plate  with  its  upper 
angle  curved  to  form  a  tooth-like  process.  The  mandibles  have  rounded 
shafts  and  are  lighter  in  color  than  the  maxilte,  their  Bpical  beveled  pcniion 
covered  with  a  whitish  deposit.     (Plate  3,  fig.  9.) 

Collected  first  at  Mangrove  Key  in  Key  Weist  Harbor  in  sand  exposed  at 
extreme  low  tide,  in  June  I9I5.  It  was  fairly  abundant  in  this  locality  and 
more  were  collected  there  in  July  of  the  same  year.  A  single  specimen  was 
collected  in  the  same  season  at  Long  Key,  at  the  Dry  Tortugas. 

lype  in  American  Museum  of  Natural  History. 

FAMILY  SABELUDiC. 
Sabeila  alba  a.  ap. 

Length  45  mm.,  of  which  the  gills  represent  10  mm.  Body  very  slenda*, 
not  more  than  2  mm.  in  breadth  at  the  collar. 

Gills  17  pairs,  colorless  except  for  a  fine  longitudinal  dusting  of  pigment 
along  the  bases  of  some  of  the  rachises;  bases  of  rachises  connected  by  a  very 
delicate  mooibrane.  On  the  outer  surface  of  the  rachises  beyond  the  edge  ot 
the  membrane  are  minute  black  ocelli,  of  varying  number  on  different  racluses 
and  on  different  sides  of  the  same  rachis.  These  seem  never  to  be  more  than  12 
in  a  row.  The  extreme  tip  of  each  rachis  is  free  from  pinnules.  The  antennse 
are  slender,  sharp-pointed,  with  (in  alcoholic  material  at  least)  a  noticeable 
white  longitudinal  median  line.  On  either  side,  ventrally,  is  a  patch  of  fiine 
dark-brown  spots  similar  to  those  found  on  the  bases  of  some  rachises. 

The  collar  is  rather  low,  its  ends  widely  separated  dorsally,  but  nearly  in 
contact  on  the  ventral  surface  (plate  3,  figs.  10  and  11).  The  ventral  ends 
have  a  fine  recurved  tip,  but  elsewhere  the  edge  is  straight  and  not  recurved. 
On  either  side  is  a  ventro-lateral  fissure,  giving  the  collar  a  4-lobed  character. 

Body  colorless  except  for  a  series  of  dark-brown  ventral  shields  on  the 
somites.  Throughout  the  greater  part  of  its  length  these  shields  are  divided 
by  a  deep,  narrow  longitudinal  fissure.    There  are  8  thoracic  somites. 

Thoracic  sets  of  two  sorts,  one  (plate  3,  fig.  12)  laaceolate  with  asjrmmetrical 
expansion  at  the  end,  the  other  stouter,  enlarged  at  the  apex,  shown  in  side 
view  in  plate  3,  figure  13,  and  in  full  face  in  figure  14.  The  setse  of  the  collar 
fascicle  are  lanceolate  like  those  shown  in  figm«  12.  Uncinus  of  thorax  with 
a  single  tooth  and  a  definite  crest  of  minute  denticulations,  but  without  second- 
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aiy  teeth  (plate  3,  fig*  l^)/  'I^  peniKmed  sete  on  the  thorax  have  rather 
heavystaUcBwithveiydeUoate,  slflii^  The  tube  is  tough 

ddtin,  dark  brown  m  color  and  vefy  difficult  to  remove  from  alcoholic  speci- 
mens  without  injuring  the  q)eQimen. 

Type  in  American  Museum  of  Natural  History. 

Collected  in  the  Dry  Tortugaa  in  1914  and  at  Guanica  Bay,  Porto  Bico,  in 
1916. 

ParaMibeiU  svlftirM  n.  sp. 

Length  ot  body  of  t3rpe  65  mm.»  18  mm.  of  which  was  in  the  length  of  gill. 

The  gilb  arise  from  a  rounded  basal  portion  as  long  as  the  firat  4  body 
somites.  Thefe  are  about  16  on  a  side,  of  nearly  uniform  length,  and  with 
no  inrolling  on  either  edge.  A  very  short  portion  of  the  ^)ex  of  each  rachis 
is  free  f ran  pinnules.  For  a  distance  about  equal  to  the  length  ci  the  basal 
portion  the  radiises  are  united  hv  a  delicate  web.  Beginning  just  b^ond 
the  web  and  extending  to  beyond  the  middle  of  the  raclus  each  carries  on 
either  side  of  its  outer  surface  a  row  of  minute  purple  spots.  The  basal  por- 
tion of  the  giUs  is  mostly  of  a  purple  color,  while  their  greater  part  is  sulphur- 
yellow,  though  an  occasional  pinnule  is  purple,  but  these  are  too  few  to  affect 
the  eeneral  coloration.  Tentacles  slender,  pointed,  about  twice  as  long  as 
basal  pMtion  of  the  giUs. 

A  specimen  cdlected  in  1909  had,  while  living,  abody  bright  yellow  in  cdor, 
a  greenish  tinge  dorsally  and  some  purple  markings  on  the  dorsal  surface 
of  the  cdlar  In  alcoholic  material  the  body  is  col<H*less,  except  for  the  ventral 
ihields,  which  are  a  grayish  brown  throughout. 

Collar  rather  low,  its  dorsal  ends  indeiy  separated  (plate  3,  fig.  16)  while 
yentrally  ihe  ends  are  nearly  in  contact  ^late  3,  fig.  17).  Each  venlral  end 
is  prolonged  into  a  triangular  recurved  lobe,  and  at  the  base  of  the  lobe  is  a 
pad-like  thickening  of  the  collar.  The  whole  collar  is  very  inconspicuous 
and  has  a  recurved  edge. 

The  torus  of  the  fint  somite  is  arranged  obliquely  just  postericHr  to  the 
dorsal  free  end  of  the  collar  on  dther  side  (plate  3,  fig.  16).  On  the  next 
7  somites  the  torus  is  lateral  and  ventral  to  the  seta  taft  Beginning  with 
the  ninth  somite  and  extending  throughout  the  remainder  of  we  boc^r  the 
tcmis  is  dorsal  to  the  seta  tuft. 

Sets  G^  first  setigerous  somite  of  two  sorts;  one  with  a  long,  slender  shaft 
(plate  3,  fig.  18),  t^  apex  bent  and  narrowed  to  an  acute  point,  with  an  indi- 
cation ot  a  lateral  wing  on  both  the  concave  and  convex  sides  of  the  bend: 
the  second  form  is  stouter,  with  the  apex  rounded  and  covered  with  spines 
and  terminating  in  a  short,  slender  point  (plate  3,  fig.  19). 

Bete  ot  later  somites  oi  four  kinds.  In  the  tuft  about  equal  numbers  of 
dander  fcnms  with  curved  apex,  the  bent  portion  covered  with  q>ines  (plate  3, 
fig.  20)  and  of  stouter  forms  with  rounded  aids  (plate  3,  fig.  21).  In  eadi 
torus  IS  asingle  row  of  uncini,  each  with  a  single  tooth  and  a  long  basal  bar. 
D(»sal  to  the  tooth  are  numerous  fine  surface  striations,  but  no  indication  of 
ieoondary  teeth  (plate  3,  fig.  22).  In  addition,  below  the  uncini  is  a  row 
of  pennoned  set»  ^late  3,  m.  23). 

Common  in  the  Tortugas,  Uvins  in  a  dark-brown  chitinous  tube,  usually  in 
boles  in  sdid  cotsI  rock.  The  tiu)e  is  usually  much  longer  than  the  anunal 
and  apparently  its  secretion  keeps  pace  with  the  deposition  of  the  rock. 

Tvpe  in  American  Museum  of  Natural  History. 

I  have  included  this  in  the  genus  ParasabeOa  of  Bush  (1905,  p.  191),  distin- 
puidied  from  ScMla  by  the  absence  of  a  lateral  incision  in  the  CKdlar  khe.  In 
rts  general  appearance  and  form  of  setse  it  resembles  Prohdide$  degans  of 
Webster  (1884,  p.  326),  but  differs  in  the  form  ol  the  collar. 
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Length  of  largest  specimen,  including  gills,  30  mm.  Length  of  gills,  lOmnL 
Diameter  of  thorax,  3  mm. 

There  are  about  13  gills  on  a  side,  with  relatively  long  pinnules,  which  have 
a  wavy  outline,  giving  the  whole  gill  a  feathery  appearance.  The  antenns 
are  short,  broad  at  the  base,  with  a  very  acute  tip.  The  basal  membrane  of 
the  gills  extends  for  only  a  short  distance  up  the  plumule,  and  in  alcohdic 
specimens  this  basal  portion  is  a  very  dark  brown,  the  odor  lightoiing  very 
^^ually  toward  the  colorless  apex. 

Ends  of  collar  wide^  sq>ara2ted  <m  the  dorsal  surface,  the  dorso-lateral 
portions  rather  low,  the  edges  not  reflexed  (plate  3,  fig.  24).  Ventral  to  the 
ventro-lateral  notch  the  cdlar  is  produced  on  either  side  into  a  prominent 
pointed  lobe  (fi^.  25),  whose  length  is  more  than  twice  tbe  width  of  cdlar. 
These  lobes  are  m  contact  idong  the  median  line  and  cover  a  large  part  of  the 
bases  of  the  gills.  D<Mrsal  to  tfa«m,  between  the  bases  of  the  gills,  is  a  pair  of 
lip-like  folds,  whose  outer  edges  are  in  contact  witii  and  possibly  are  a  pro- 
longation of  the  ventral  edges  of  the  c(dlar. 

There  are  12  thoracic  seta-bearing  somites.  The  first  seta  tuft  is  near  the 
dorsal  end  of  the  collar,  and  there  is  no  corresponding  torus,  while  <m  the  second 
and  later  seta-bearing  somites  there  is  a  ventral  torus.  The  tcHrus  beocmies 
dorsal  on  the  thirteenth  setigerous  somite.  Ventral  shields  inconspicuous  and 
divided  longitudinally  throughout  the  abdominal  region  by  a  narrow  line. 

The  set»  of  the  collar  fascicle  are  long,  the  tenninal  p<Mrtion  expanded 
laterally  into  a  wing  which  is  densely  striated  on  its  surface  (plate  3,  fig.  26, 
from  a  profile  view).  The  thoracic  setee  are  in  bundles,  those  of  one  side  of 
each  bundle  being  similar  in  form  to  the  collar  sets,  those  on  the  other  side 
having  a  terminid  expansion  ovoid  when  seen  in  face;  between  these  two  is 
a  series  graduating  in  form  fran  one  to  the  other ;  all  have  dense  striations  €fveat 
the  broadened  surface.  The  uncini  have  a  large  tooth  and  a  crest  of  5  or  6 
rows  of  smaller  teeth  (plate  3,  fig.  27). 

The  tube  is  of  thin  white  parclunent  covered  at  the  end  with  fine  white  mud. 

Tvpe  and  cotypes  in  the  American  Museum  of  Natural  History. 

The  specimens  were  collected  at  Nassau,  British  West  Indies,  by  WhithekL 

I  was  unable  to  discover  any  pennoned  set»  in  the  thorax  of  tiiese  forms, 
and  consequently  have  included  thooi  in  the  g^ius  Metalonome  as  defined  by 
Bush  (1905,  p.  287). 

LITERATURE. 

AuQBNER,    H.    1906.    Wesiindisdie   PolyoluBten.    BulL   Mus.   Ckxnpftrative   Zoology, 

Cambridge,  toL  43,  No.  4. 
Bush,  Kathbrinb  J.    1904.    TubioobuB  Anndidn  of  the  Tribes  Sabdlides  and  Serpulides 

from  the  Plaoifio  Ocean.    Haniman  Alaska  Expedition,  vol.  12. 
Ehlbb8,E.    1887.    Florida  Anneliden.    Memoirs  Mus.  CkMnpaiative  Zoology,  Cambridge, 

voL  16. 
Tbbadwiox,  a.  L.    1911.    Polycfastous  Annelids  from  the  Diy  Tortugas,  Florida.    BulL 

Amer.  Mus.  Nat.  Hist.,  vol.  30. 
Webstbr,  H.  E.    1884.    Annelids  from  Bermuda  collected  by  G.  Brown  Goode.     Bull. 

U.  S.  Nat.  Mus.  No.  25. 


8  to  10.  L.  MfiHutu    oBBt.  IB  to  IB.  L.  hviw    

8.  Poitka  o(  BokVMiUI  nta>            D-  Stfitb  pumodlam.  xaS. 
, , XSaO.  14.  SMood  puapodhim,  X3B. 

'   ~                                                            toft,  xasa  ibcnrn  In  ■■•  U. 


>11.  £mMi 
I.  HwCx 


1  aad  9.  jfirytiii  tIrUit  u.tp.:  IS  to  IS  3.  aUa— ««. 

1.  UulIK  XIS.  13l  ItmmdtU     O 

S.  Uudlbk  XK.  _X380. 

He  a.  Mmjtmtm  mMHi  tt.  ^.!  U.  OoI^^UbwI ... 

a.  HMd,  X9.  JnmMa  Tiaw,  X380.                              nmiU.  XJaft 

4.  IMth  puvodlian  vitb  (Ills,  14.  aab-iii«o«l      drandi     ata  33.  DntfiiM.  XaOO. 

XIS.  fnin  heafinr.  xasa  3S.  PMDOMd   Hta   i. , , 

fi.  Tint  pwwodlam,  -yga.  IS.  Thon^  anakBOS  X38a                            Ina  tin  ooaial,  X>M 

7.  F»l«EutoN**franBMdbol  IS.  Bm*  ol  cUb  ud  nolkr  boa  M.  OolUr  mhI  bM*  •>( cUl  ba 

bod*.  xn>.  doml  nufM*.  X3.                                    itonBl  ■Bifada.  XS. 

ft.  Ifi^Ib,  X8.  IT.  Bm*  of  cilia  ud  aolkr  troa  It.  GoUu  ud  tuw  of  aia  tram 

9.  MudOk  X«.  imtoafwUw.  XS.                                  noml  •orfaM.  XST 

lOutd  lirhMbdkm.*D,:  U.  Lmuw  art*  frooi  Bnt  nmlM,  96.  Brtk    burn     mtbir     tMdato. 

10.  Ciava^bMiof^hM  ^o;                                   xaso. 

MMnlaotHA  X&  »■  BlMwMr«tofraB>n(aaailU,  37.  Tboneia  BwdBi*.  xaSO. 

11.  CglUr  aBdlNMirfslIlitaiM  XSsa 


XI. 


THE  MICROSCOPIC  STRUCTURE  OF  STRIPED  MUSCLE 

LIMULUS. 

BY  H.  E.  JORDAN. 

Depftrtncnt  of  Aaatony,  Uniyeraty  of  Virfiiiia. 
Three  plates  of  nzteen  figures. 


273 


THE  MIGROSCOPIG  STRUGTURE  OF  STRIPED  MUSGLE  OF 

LIMULUS. 


-»— »- 


Bt  H.  E.  Jordan. 


INTRODUCTION. 

The  study  of  the  skeletal  muscle  of  Limulus  was  undertaken'  with 
two  chief  objects  in  view: 

(1)  To  attempt  further  to  test  my  conclusion  suggested  by  a  series 
of  efl^rher  studies  on  the  intercalated  disks  of  vertebrate  cardiac  muscle, 
namelyi  that  these  disks  are  properly  interpreted  as  '^irreversible  con- 
traction bands.^'  If  this  conception  is  correct  it  seems  pMbable  that 
something  very  similar  to  intercalated  disks  may  be  found  in  powers 
fully  acting  skeletal  muscle.  Such  structures  have  been  repeatedly 
reported  in  vertd[>rate  skeletal  muscle,  but  the  similarity  to  interca- 
lated disks  is  still  disputed.  It  must  be  emphaased,  however,  that 
even  certain  evidence  of  the  presence  of  true  intercalated  disks  in 
skeletal  muscle  is  not  crudal  foir  the  theory,  but  only  confirmatory. 
Lack  of  such  evidence  can  not  invalidate  the  theory  as  applied  to 
heart-muscle,  nor  does  its  possession  necessarily  jproVe  it  correct. 

(2)  To  sedc  additional  evidence  in  further  refutation  of  the  recently 
revived  hypothesis  that  striped  muscle  can  be  interpreted  in  terms  of 
''muscle-cells''  and  intercellular  myofibrillse. 

A  priori^  the  abdominal  muscles  which  c<mtrol  the  caudal  spine  of 
Ldmuhis  seemed  to  ofiTer  very  favoraUe  material  for  the  search  of  the 
chief  data  desired.  This  surmise  proved  true  beyond  expectation  as 
respects  the  second  point.  Moreover,  the  material  yields  very  clear- 
cut  data  also  as  to  a  number  of  other  diiqmted  details  concerning 
muscle  structure,  chiefly  the  relation  of  the  grotmd  membrane  to  the 
saroolemma,  to  the  nuclear  wall,  and  to  the  myofibrillffi. 

Concerning  the  first  point  no  unequivocal  evidence  accrues.  How- 
ever, this  study  led  to  a  reinvestigation  of  lAmvlus  cardiac  muscle  with 
a  different  staining  technic,  and  I  can  now  report  the  presence  of  a  very 
few,  structurally  of  the  ampler  type,  of  intercalated  disks.  This  obser- 
vation would  seem  to  warrant  the  generalization  that  cardiac  muscle 
is  characterised,  at  least  as  low  as  LirmduSy  by  intercalated  disks. 
The  evidence  concerning  selachii  and  cyclostomes  cmly  remain  uncer-^ 
tain.  On  the  other  hand,  the  evidence  may  periiaps  be  regarded  as 
confirming  the  belief  of  some  zoologists  that  Limulus  is  closely  related 
to  the  more  direct  vertebrate  ancestors.  But  similarity  of  histologic 
structure  need  not  necessarily  have  phylogenetic  significance;  it  may 
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mean  nothing  more  than  the  result  of  physiologic  similarity.  Ob- 
viously mudi  comparative  mkrosecqiic  investigation  of  cardiac  musdes 
is  desiraUe  below  tdeosts. 

Other  praits  <rf  considerable  interest  toudi  the  very  dose  fonda- 
mental  structural  similarity  between  the  spine-musde  and  the  heart- 
muscle  of  Limuhu^  and  between  the  q^ne^nusde  and  an  eariy  stage 
of  the  devek^mient  of  striped  musde  in  tdeosts. 

MATERIAL  AND  METHODS. 

As  stated  above,  the  material  consists  of  qune  and  cardiac  musde. 
The  f<Nrmer  was  collected  during  the  sunmier  of  1914,  while  ragaged 
in  the  study  of  another  probl^n  at  the  Marine  Biological  Lab(mtt<Hry 
of  the  Carnegie  Instituticm  <rf  Washington  at  the  I^  Tortugas;  the 
latter  was  collected  at  the  Odd  Spring  Hari>or  Lab(mtt<N7  on  LcHig 
Island  Sound. 

The  cardiac  musde  was  fixed  in  Zimmermann's  absolute  alcohd- 
nitric  add  sdution,  and  stained  with  ir(m-hemato(zylin  and  picric  add- 
fuchsin.  The  abdominal  (qnne)  musde  was  fixed  both  in  Hdly's  fluid 
and  in  Flemming's  strong  soluticm,  and  also  counterstained  witii  ibid 
incric  add-fuchsin  mixture. 


SKELETAL  MUSCLE. 

GENERAL  STRUCTURE. 

The  mass  of  musde  in  the  midline  of  the  abdomen  by  which  the 
spine  (postanal  telson)  is  moved  ccmsists  of  musde-fib^s  varying 
greatly  in  diameter  (fig.  1)  and  hdd  together  by  a  small  amount  of 
delicate  wide-meshed  connective  tissue.  The  nudd  are  scatt^ied 
apparently  promiscuoudy  through  the  diameter  of  the  fiber;  as  many 
as  five  (fig.  l)y  OT  even  more,  may  be  seen  at  apfuroximatdy  the  same 
level  in  a  cross-section  of  a  large  fiber.  A  narrow  peripheral  sarco- 
plasmic layer  free  of  myofibrillar  material  envelope  the  musde-fiber; 
occadonally  nudd  occupy  this  locaticm,  ev^i  causing  the  confining 
sarcolemma  to  bulge  slightly. 

Under  a  magnification  of  1,000  diameters,  or  ev^i  less,  the  fiber 
in  cross-section  is  seen  to  have  a  radially  striped  appearance  shading 
centrally  into  a  mottled  arrangemoit.  Un<^  higher  magnification 
this  appearance  resolves  into  broad  lamdlse,  some  apparoitly  extend- 
ing completely  through  the  entire  radius  of  the  fiber.  Many  of  the 
lamellse  appear  split  peripherally,  producing  a  deep  V-  ot  Y-shaped 
structure.  This  represents  a  radial  longitudinal  q[>litting  of  the  lam- 
ellar myofibril  bundle.  Centrally  these  lamdte  ai^)ear  to  q[>lit  off 
smaller  lamell»  and  cylindric  bundles  of  myofibrils.  Between  these 
lamdUe  lies  the  delicate  findy  granular  sarcoplasm  (fig.  1b). 

Of  special  interest  is  the  similarity  between  this  adult  condition  in 
LimvhM  and  an  early  <mtog^etic  stage  in  striped  musde  of  tdeosts. 
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The  structure  here  described  correspcmds  very  closely  to  that  de- 
scribed in  the  histogenesis  of  the  striped  muscle  of  the  trout.  It  is 
deorable  to  know  whether  these  muscle-lamelbe  in  Limulua  also  trace 
their  origin  to  a  single  extranuclear  fibril,  as  is  the  case  in  the  cypri- 
noid  fishes  (Maurer,  1894)  and  in  the  trout  (Heidenhain,  1913),  a 
matter  which  is  reserved  for  a  future  investigation. 

Under  closer  examination  these  radial  lamelke  and  central  straps 
and  cylinders  resolve  into  fibrils.  The  unit  of  structure,  then,  is  the 
delicate  myofibril  variously  associated  into  cylinders  and  lamelke. 
I  These  latter  are  i^iparently  derived  from  the  earlier  larger  lamelke  by 
innocess  of  ^littiog  in  two  directions:  (1)  a  radial  direction,  the  split- 
ting being  initiated  peripherally;  (2)  a  vertical  (paratangential)  direc- 
tion, which  is  chiefly  confined  to  the  central  area  of  the  fiber. 

The  limuli  from  which  this  tissue  was  derived  were  of  medium  size, 
t.  6.,  about  half-grown.  Probably  the  muscles  enlarge  by  an  increa^ 
f  in  size  of  the  smaller  fibers  by  the  process  above  described.  In  very 
thin  longitudinal  sections  viewed  under  very  high  magnification  this 
process  of  splitting  appears  to  extend  to  the  myofibrils  themselves,  the 
assumed  units  of  structure.  Indeed,  this  longitudinal  splitting  of  myo- 
fibrils continues  to  the  limit  of  visibility,  and  its  variously  consummated 
condition  gives  to  the  whole  a  syncytial  structure  even  to  its  ultimate 
fibrils  (fig.  2b).  The  impression  becomes  increasingly  strong,  as  one 
improves  the  amplification  and  the  acuity  of  observation,  that  the 
actual  ultimate  fibrils  out  of  which  the  visible  fibrilUe  are  formed  are 
ultramicroscopic  units — a  confirmation  thus  far  of  Heidenhain's  ''Teil- 
kdrper  theorie"  ("histomere"  or  "protomere"  theory),  elaborated  on 
the  basis  of  his  study  of  the  development  of  trout  skeletal  muscle.  . 
Viewed  in  longitudinal  section,  different  fibers  have  a  very  different 
appearance,  depending  upon  the  fimctional  phase  of  contraction  or 
rdaxation.  In  the  uncontracted  condition  (fig.  2b)  the  Q-disk  is  con- 
spicuous. Separating  two  successive  Q-disks  is  an  area  of  slightly 
greater  width,  very  much  less  deeply  stained,  the  /-disk ;  this  is  bisected 
by  a  deeper-staining  but  still  relatively  pale  granular  membrane,  the 
telophragma  (Krause's  ground-  or  Z-membrane,  1869) .  Only  the  latter 
spans  the  intervals  between  adjacent  fibrils;  it  is  therefore  a  true  mem- 
brane, as  first  recognized  by  MacCallimi  (1887)  for  heart-muscle,  and 
as  consistently  urged  by  Heidenhain  since  1899.  The  Q  and  /  disks  are 
regions  of  differentiation  confined  to  the  fibrils.  Passing  obhquely 
across  the  spaces,  between  adjacent  myofibrils,  are  still  more  delicate 
fibrilke,  the  ultimate  visible  units.  At  the  point  where  the  ground 
membrane  and  the  myofibrils  meet  the  latter  appear  to  swell,  giving 
to  the  membrane  a  deep-staining  granular  appearance;  here  the  ulti- 
mate visible  fibrils  are  apparently  more  closely  associated  into  bundles., 
the  so-called  muscle-unit  or  sarcostyle.  There  is  not  the  slightest  indi- 
cation in  any  fiber  at  any  phase  of  function  of  any  structure  suggesting 
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a  meeophragma  (membrane  of  Mericd,  1872;  mranbrane  of  Heidoi- 
hain;  M-membrane).  Such  a  stnicture  must  be  lacking  in  Ldmulue 
muscle;  and  in  this  respect  it  resembles  the  ¥nng-muscles  of  certain 
insects,  and  the  analogous  muscles  (pectoral  muscles)  of  birds  and 
bats  as  described  by  Thulin. 

The  fiber  in  the  contracted  condition  shows  only  alternating  darker 

and  lighter  stripes,  the  latter  2  to  3  times  the  width  of  the  former. 

I    One  can  not  properly  speak  here  of  Q  and  J  disks.    The  fiber  ccmsists 

!    of  a  succession  of  contraction  bands,  composed  of  the  groimd  mem- 

^  brane  and  Q-substance.    The  dark-staining  stripes  of  contracted  muscle 

correspond  topographically  to  the  telophragmata  of  the  non-contracted 

fiber,  but  differ  from  it  in  that  the  fibril  compcments  are  short  rods 

instead  of  spherical  granules. 

THE  TELOPHRAGMA. 

The  telophragma,  as  described  above,  is  a  continuous  membrane, 
extending  from  sarcolemma  peripherally  to  nuclear  wall  centrally,  with 
both  of  which  structures  it  is  closely  united,  apparently  continuous. 
Occasionally,  where  adjacent  myofibrils  are  widely  separated,  a  certain 
niunber  of  the  Z-membranes  can  still  be  seen  spanning  the  gap  (fig.  3). 
The  true-membrane  condition  of  the  telophragma  is  fmiher  proved  by 
the  appearance  in  certain  fibers  which  have  suffered  distortion,  appar- 
ently under  pressure  applied  at  right  angles  to  the  long  axis  (fig.  4). 
Such  fibers  exhibit  a  partial  folding,  the  lines  of  folding  (distortion) 
corresponding  always  with  the  telophragmata.  The  appearance  is 
exactly  such  as  would  be  expected  to  result  if  the  fibrils  were  actually 
connected  with  each  other  by  a  membrane.  The  fiber  could  under 
the  assumed  condition,  as  it  does,  only  fold  in  the  same  direction  at 
any  level  along  the  lines  of  the  membrane.  Such  fibers  show  beauti- 
fully also  the  granular  swelling  of  the  fibrils  at  the  level  of  the  mem- 
brane. 

Centrally  the  membrane  is  closely  related  to  the  nuclear  wall  (fig.  3), 
peripherally  to  the  sarcolemma  (fig.  5).  To  the  picric  acid-fuchsin 
mixture  the  nuclear  wall,  Z-membrane,  and  sarcolemma  have  an  iden- 
tical staining  reaction — that  is,  they  either  do  not  stain  at  all  or,  after 
long  application  of  the  dye,  stain  uniformly  red. 

THE  SARCOLEMMA. 

/  The  muscle-fiber  is  enveloped  by  an  extremely  delicate  sarcolemma 
(figs.  1b,  2a,  4,  5).  There  can  be  no  doubt  regarding  its  actual 
presence.  Its  demonstration  is  generally  difficult  in  ordinary  prepa- 
rations, due  to  the  very  close  investure  of  the  endomsrshun,  which 
is  condensed  immediately  about  the  fiber.  It  is  only  after  the  study 
of  differentially  stained  preparations  that  the  distinction  between  sar- 
colemma and  endomysium  becomes  marked;  after  that  it  can  be  id^i- 
tified  as  the  innermost  layer  of  the  enveloping  connective  tissue,  occa- 
sionally lifted  away  from  both  the  fiber  and  the  endomysium  (fig.  4). 
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Its  continuity  with  the  Z-membranes  marks  it  as  cellular  in  origin, 
corTeq>onding  to  the  cell-membrane  of  the  original  myoblasts.  In 
picric  acid-f uchsin  stained  material  the  telophragmata  and  the  sarco- 
lemma  remain  imstained  (appearing  dark  in  such  preparations) ,  while 
the  surrounding  connective  tissue  (endomysium)  stains  a  light  red. 
When  the  staining  process  is  unduly  prolonged  the  sarcolemma  also 
stains  red,  but  then  the  Z-membrane  and  nuclear  membrane  and  the 
peripheral  sarcoplasm  also  take  on  the  same  red  color. 

THE  NUCLEUS. 

The  nuclei  lie  scattered  throughout  the  fiber,  at  any  point  on  the 
radii,  and  are  surrounded  by  a  spindle-shaped  mass  of  extremely  atten- 
uated sarcoplasm.  These  sarcoplasmic  areas  c<mtain  a  small  amount 
of  granular  material  and  several  laige  lipoid  spherules.  This  peri- 
nuclear sarcoplasm  is  bounded  by  myofibrils  which  converge  apically. 
There  is  no  suggestion  of  a  cell-membrane.  Indeed,  that  there  can 
be  no  thought  of  cell  structure  is  demonstrated  by  the  relation  of  the 
telophragmata  to  the  nuclear  wall.  These  two  structures  are  contin- 
uous; and  the  nuclear  wall  in  many  instances  is  drawn  out  into  spines 
(ridges)  at  the  point  of  connection  with  the  membrane.  In  a  contracted 
fiber  such  projections  are  less  widely  spaced,  corresponding  to  the 
closer  apposition  of  the  membranes;  in  relaxed  fibers  they  are  spaced 
more  widely  and  the  projections  are  less  sharp. 

CARDIAC  MUSCLE. 

GENERAL  STRUCTURE. 

A  cross-section  of  the  tubular  heart  of  lArnvlue  shows  the  vast 
majority  of  the  fibers  cut  longitudinally.  They  are  collected  into 
larger  and  smaller  bundles,  arranged  approximately  radially,  tangen- 
tially,  and  circularly,  crossing  each  other  at  angles  of  all  degrees;  a 
very  few  scattered  cross-cut  fibers  may  appear  peripherally  and  cen- 
trally. The  vast  majority  of  the  fibers  are  thus  transversely  disposed, 
only  an  insignificant  moiety  lon^tudinally.  A  median  lon^tudinal 
section,  on  the  contrary,  shows  a  majority  of  the  fibers  cut  transversely. 
Between  these,  and  separating  them  into  wider  layers,  are  narrower 
bimdles  of  longitudinally  cut  fibers,  the  radial  fibers.  Chie  may  search 
many  sections  cut  near  the  medial  longitudinal  plane  without  seeing  a 
single  longitudinal  fiber.  The  latter  are  certainly  extremely  rare,  but 
a  very  few  are  apparently  present,  scattered  peripherally  and  next  the 
lumen.  Both  transverse  and  longitudinal  sections  immediately  dis- 
close an  intricate  loose-meshed  muscular  syncjrtium. 

Hgure  6a  illustrates  a  cross-section  under  low  magnification  (1,000 
diameters)  of  a  large  fiber  at  the  level  where  it  has  become  resolved  into 
several  main  and  a  number  of  secondary  branches.  Each  branch  is 
envdoped  by  a  delicate  sarcolemma,  the  peripheral  portion  fusing 
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intiinately  with  the  endomyBhim  wbkih  inclaMB  the  oitire  bundle  and 
separatee  the  main  branches.  For  purpoeee  of  minuter  deeeiiption  a 
gmaller  trabec\ila,  or  branch,  may  be  uaed.  The  myofibrilbe  are 
grouped  into  lai^  maaBee,  in  ^i^ch  they  are  arranged  in  lamells 
(fig.  6b)  undergoing  a  peripheral  radial  and  a  central  vertical  flitting. 
The  nuclei  are  located  both  centrally  and  peripherally. 

Figure  7  illustrates  the  typical  i^pearance  of  a  small  fibo*.  The 
myofibrillse  are  segregated  centrally  and  are  enveloped  by  a  consider- 
able area  of  granular  cytoplasm  confined  by  a  ddicate  saroolemma. 
The  nucleus  here  lies  wholly  in  the  extrafibrillar  sarcoplasm.  Upcm 
close  inspection  the  lamelUe  are  seen  to  conost  of  fibrilke  radially 
arranged.  The  apparent  lamelbe  illustrated  in  figure  6b  are  therefore 
smaller  groups  of  fibrill». 

As  in  the  skeletal  muscle,  the  cardiac  fiber  consists  of  peripheral 
lamellar  and  central  cylindrical  groups  of  fibrilte.  The  close  similarity 
between  the  cardiac  and  the  skeletal  muscle  extends  to  the  structure 
and  distribution  of  the  nuclei,  the  finer  resolution  of  the  i4)parent 
elementary  fibrilke  (fig.  8),  and  the  presence  of  a  true  cell-membrane 
or  sarcolenmia. 

In  longitudinal  sections  the  appearance  of  the  fiber  again,  as  in  the 
skeletal  muscle,  and  almost  identically,  varies  according  to  the  d^ree 
of  contraction.  Certain  fibers  (fig.  9)  show  a  wide  darker-staining 
Q-disk  and  an  alternating  slightly  wider  J-disk  bisected  by  a  deep- 
staining  granular  Z-membrane.  In  certain  other  fibers,  also  uncon- 
tracted,  only  the  deep-staining  granular  Z-membrane  is  conspicuous 
(fig.  11).  The  contracted  fibers  (fig  13c)  show  only  a  succession  of 
contraction  bands,  alternating  with  lighter-staining  disks.  The  con- 
traction bands  are  very  similar  to  those  of  the  skeletal  muscle  and 
probably  likewise  represent  a  thickened  Z-membrane,  due  to  a  segre- 
gation of  Q-substance  about  them. 

THE  TELOPHRAGMA. 

The  telophragma  is  also  a  continuous  membrane  in  cardiac  muscle. 
It  spans  considerable  intervals  between  widely  separated  adjacent 
fibrils  (sarcostyles)  (figs.  10  and  11);  at  its  level  the  fibrils  swell  at  the 
point  of  attachment ;  it  is  continuous  peripherally  with  the  sarcolemma 
(figs.  8,  10,  11,  and  13)  and  centrally  with  the  nuclear  wall.  That  the 
granular  appearance  is  actually  due  to  swelling  of  the  fibrils  at  the 
level  of  attachment  is  proved  by  the  fact  that  that  portion  of  the 
membrane  which  spans  the  space  between  the  outermost  fibriUse  and 
the  sarcolemma,  as  also  that  which  spans  the  perinuclear  sarcoplasm, 
is  non-granular  (fig.  8).    There  is  no  suggestion  of  a  mesophragma. 

THE  SARCX)LEMMA. 

That  a  true  sarcolemma  actually  exists  can  not  be  doubted.  This 
conclusion  is  contrary  to  that  of  Meek  (1909).     He  holds  that  a  sarco- 
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lemma  is  lacking,  its  place  being  taken  by  a  connective-tissue  envelope. 
But  conditions  are  almost  exactly  like  those  described  for  the  skeletal 
muscle.  Successful  counter  staining  with  picric  acid-fuchsin  reveals 
internal  to  the  red-stained  endomysium  an  imstained,  or  only  slightly 
stained,  delicate  layer  with  which  the  telophragmata  are  directly  con- 
tinuous. It  is  very  intimately  connected  with  the  enveloping  connec- 
tive tissue  (fig.  10),  but  occasionally  it  may  be  seen  separate  therefrom, 
as  in  figures  8,  11,  and  13.  When  the  staining  is  prolonged  to  the 
point  where  no  distinction  can  be  made  on  the  basis  of  a  difference  in 
staining  reaction  between  the  sarcolemma  and  the  endomysium,  the 
telephragmata  also,  and  even  the  peripheral  sarcoplasm,  show  the 
same  character  and  depth  of  stain.  If  we  should  decide  on  the  basis 
of  such  a  picture  that  the  sarcolemma  is  in  fact  part  of  the  connective 
tissue,  we  would  be  compelled  to  draw  the  same  conclusion  for  the 
telophragmata  and  the  peripheral  sarcoplasm.  Moreover,  contrary  to 
Meek's  observation,  the  difference,  both  from  the  standpoint  of  size 
and  structure,  between  the  muscle  nuclei  and  the  connective-tissue 
nuclei,  is  striking,  as  can  be  seen  from  figure  13.  The  cytoplasm  of 
the  blood-cells  and  of  the  connective-tissue  cells  contains  lipoid  spher- 
ules similar  to  those  of  the  perinuclear  sarcoplasm. 

THE  NUCLEUS. 

The  nuclei  are  scattered  apparently  at  random  throughout  the 
muscle  trabecule.  To  their  walls  are  attached  the  telophragmata, 
as  in  skeletal  muscle.  Hence,  there  can  be  no  true  cardiac-muscle 
cells.  The  cardiac  muscle  is  an  intricate  syncytium,  even  to  the  finest 
visible  fibrillar  elements  of  the  myofibrillse.  The  most  striking  differ- 
ence, and  the  only  other  essential  difference,  barring  the  gross  syncjrtial 
character,  is  the  generally  much  greater  length  of  the  nuclei;  as  many 
as  8  telophragmata  ending  on  the  periphery  is  a  common  condition 
(fig.  12) ;  moreover,  it  is  common  to  find  4  or  more  nuclei  closely  apposed 
in  the  same  sarcoplasmic  area.  All  the  evidence  goes  to  indicate  exten- 
sive direct  nuclear  proliferation;  all  stages  in  amitosis  can  be  readily 
demonstrated.  Only  rarely  do  2  closely  apposed  nuclei  in  the  same 
sarcoplasmic  area  appear  in  the  skeletal  muscle.  This  suggests,  how- 
ever, that  the  method  of  the  nuclear  multiplication  is  the  same  in  the 
cardiac  and  skeletal  type  of  muscle  in  the  later  growth  stages — ^that  is, 
by  amitosis.  Not  a  single  karyokinetic  figure  was  seen  in  the  muscle- 
tissue  of  either  type. 

INTERCALATED  DISKS. 

Meek  (1909)  reported  the  absence  of  intercalated  disks  in  the  heart- 
muscle  of  Limulue.  In  this  conclusion  I  confirmed  him  in  an  earlier 
study  (1912).  After  reinvestigating  the  subject  with  a  different  stain- 
ing technic  (iron-hematoxylin  and  picric  acid-fuchsin),  I  am  able  to 
report  a  very  few  disks  of  the  very  simplest  or  comb  type  (fig.  15).    It 
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was  to  be  expected  that  intercalated  disks  should  occur  in  a  heart- 
muscle  essentially  so  much  like  that  of  vertebrate  cardiac  muscle,  with 
a  similar  rhythmic  beat;  and  considering  the  low  grade,  and  the  slow 
rate  of  heart-beat  (32  b^tts  per  second,  Patten)  of  the  organism,  they 
were  expected  only  in  small  number  and  of  vay  simple  form.  These 
expectations  are  realized.  However,  the  extreme  rarity  of  the  disks 
is  surprising  in  view  of  the  fact  that  they  actually  occiir. 

UTERATURE. 

The  only  work  known  to  me  on  the  microscopic  structm^  of  lAmulus 
muscle  is  that  by  Meek  (1909)  on  the  cardiac  muscle.  He  describes 
its  structure  as  a  double  syncytium  composed  of  trabecule  ''individ- 
ualized by  connective-tissue  sheaths'';  the  peripheral  nuclei  of  the 
trabeculse  he  interprets  as  conneciive4issue  nuclei.  He  records  also  the 
absence  of  sarcolemma  and  of  intercalated  disks,  and  notes  the  close 
similarity  between  the  heart-musculatiure  of  LimtUue  and  that  of  lower 
vertebrates.  Carlson  (1904)  demonstrated  the  applicability  of  the 
neurogenic  theory  of  heart-beat  to  lAmtdue.  Meek  concludes  that  a 
sjmcjrtial  heart-musculature,  accordingly,  does  not  necessarily  imply 
the  verity  of  the  myogenic  theory  of  conduction.  But  this  ftmctional 
difference  between  Ldmulua  and  vertebrate  hearts  may  in  fact  inhere 
fundamentally  in  the  absence  of  an  analogue  of  the  vertebrate  atrio- 
ventricular conducting  bundle  in  Limulue. 

The  gross  structural  condition  of  the  Limvlue  heart  is  very  signifi- 
cant in  this  connection.  The  Limvlue  heart  consists  essentially  of  a 
metameric  series  of  9  syncytial  muscular  rings,  for  the  physiologic 
coordination  of  which  the  very  scattered  peripheral  and  central  longi- 
tudinal fibers  seem  quite  inadequate.  In  the  absence  of  a  direct 
muscular  coordinating  mechanism  the  nervous  impulse  to  heart-beat 
must  be  conducted  by  the  longitudinal  nerve-cord. 

Patten  (1912)  only  states  that  the  striped  muscle  of  Limvlue  arises 
very  early  from  the  somites.  The  histogenetic  process  is  not  described, 
but  a  detailed  description  is  given  of  the  origin  and  history  of  so-called 
"fiber  cells,''  some  of  which  give  rise  to  definite  muscles,  others  to 
"semi-amoeboid  cells  resembling  blood  corpuscles."  The  original  fiber- 
cells,  derivatives  of  the  germ-wall,  are  said  to  lie  in  the  first  5  thoracic 
segments  in  an  intermediate  zone  median  to  the  germ-wall. 

Other  problems  here  considered  are  touched  upon  in  the  following 
recent  works:  (i)  Baldwin's  (1912)  on  the  heart-muscle  of  the  mouse, 
in  which  he  describes  "muscle  cells"  separated  from  the  myofibrillar 
substance  by  a  "cell  membrane";  this  interpretation  was  shown  to  be 
untenable  in  (2)  my  paper  (1914)  dealing  with  cat  and  mouse  tissue 
in  macerated  condition,  and  by  the  findings  of  (s)  Asai  (1914)  in  his 
study  of  striped-muscle  histogenesis  in  the  mouse;  (4)  Thulin's  (1915) 
work  on  the  wing-muscles  of  certain  insects  (Coleoptera),  birds,  and 


The  MicrOKojric  Structure  of  Striped  Muede  of  Limvlus. 


283 


batB,  from  which  he  records  observations  which  he  interprets  as  indi- 
cating the  absence  of  both  the  meso-  and  the  telo-phragmatai  the  so- 
called  Z-stripe  being  the  only  striation  discernible  and  to  be  interpreted 
as  a  contraction  band;  (ft)  Heidenham's  work  on  the  histogenesis  of 
striped  muscle  in  the  trout,  on  the  basis  of  which  he  further  supports 
and  extends  to  striped-muscle  tissue  his  general  histologic  principle  of 
protomeric  analjrsis,  namely,  the  conception  that  muscle-tissue  is  built 
up  by  the  association  into  successively  larger  combinations  of  ultimate 
fission  elements,  the  metafibrilUe  or  protomeres;  (e)  Jordan  and  Steele's 
(1912)  comparative  study  of  the  intercalated  disks  in  vertebrate  heart- 
muscle,  from  which  it  appears  that  intercalated  disks  are  present  in 
progressivdy  simpler  forms  in  all  the  vertebrate  groups  to  and  includ- 
ing teleost  fishes ;  and  (7)  my  description  (1912)  of  the  intercalated  disks 
of  hypertrophied  human  heart-muscle. 

DISCUSSION. 

The  value  of  the  data  derived  from  the  study  of  the  Limulue  muscle 
depends  in  d^ree  upon  the  extent  to  which  they  may  legitimately 
serve  as  a  basis  for  generalization  with  respect  to  vertebrate  muscle. 
In  the  relative  simplicity  of  its  striations  the  Lvrmdus  muscle  seems 
more  like  that  of  vertebrates  than  like  that  of  arthropods.  Moreover, 
the  fundamental  close  similarity  between  the  cardiac  and  the  skeletal 
type  in  lAmvlas  is  significant,  especially  as  indicating  that  a  main 
difference  between  cardiac  and  skeletal  muscle  generally  is  essentially 
a  degree  of  differentiation,  minute  morphologic  differences  following 
functional  differences  probably  largely  inherent  in  the  s]mcytial  arrange- 
ment of  the  fibers  in  the  heart-musculature.  In  both  cases,  as  in  verte- 
brate heart-muscle  generally,  the  conspicuous  stripe  is  the  Z-membrane. 
Accordingly  the  skeletal  muscle  of  lArmdue  is  appareitly  less  hig^y 
differentiated  than  vertebrate  skeletal  muscle,  where  the  Q-disk  gives 
the  most  conspicuous  stripe,  a  conclusion  further  supported  by  the 
manner  in  which  the  nuclei  are  distributed.  In  its  syncytial  character 
and  the  presence  of  intercalated  disks  the  lAmvlus  cardiac  muscle 
resembles  very  closely  vertebrate  cardiac  muscle,  a  point  already 
emphasized  by  Carlson  and  by  Meek  (s).  The  infrequency  of  the 
intercalated  disks  precludes  an  interpretation  of  these  structiu'es  in 
terms  of  cell  boundaries  or  intercellular  substances,  or  as  r^ons  of 
growth  (Heidenhain  (12)).  The  disks  consist  of  rows  of  modified  foci 
in  the  fibriUs.  The  modification  consists  of  a  change  characterized 
tinctorially  by  an  increase  in  staining  intensity  for  a  short  distance  on 
one  or  both  sides  of  the  telophragma.  Structurally  the  disk  is  com- 
posed of  a  series  of  rod-like  areas  of  the  fibrillse  in  transverse  alinement. 
The  most  probable  explanation  of  their  formation  is  that  of  a  change 
of  position  of  the  Q  (anisotropic)  substance  from  its  usual  location  in 
relaxed  fibers  midway  between  two  successive  telophragmata,  to  a 
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location  on  either  side  of  these  membranes.  This  explanati<Hi  answers 
to  the  description  of  the  formation  of  a  contraction  band.  In  that  a 
disk  appears  permanent,  it  seems  appropriately  described  as  an ' 'irre- 
versible contraction  band."  In  view  of  what  was  known  of  the  com- 
!  parati ve  morphology  of  intercalated  disks — coupled  with  our  knowledge 
I  of  the  minute  structure  of  Limulus  heart-muscle — the  simple  comb  tjrpe 
was  to  be  expected  in  Ldmuhis.  This  type  of  disk  is  actually  present. 
But  disks  were  expected  in  greater  number.  Possibly  hearts  of  older 
limuli  would  show  more  abundant  disks. 

The  precise  information  furnished  by  the  Limulus  muscle  concerning 
the  relation  of  the  ground  membrane  to  the  myofibrilke  is  of  prime 
importance  in  respect  to  the  interpretation  of  occasional  serrated  disks 
of  apparently  normal  cardiac  muscle  and  the  still  more  complex  disks 
of  hypertrophied  heart-muscle.  This  general  type  of  disk  is  of  very 
irregular  serrated  structure.  The  matter  which  was  difficult  of  inter- 
pretation hitherto  was  the  nature  of  the  cross-connections,  in  the  form 
of  delicate  membranes,  between  adjacent  elements  of  the  disk  proper. 
In  view  of  the  data  now  available,  namely,  the  close  connection  <^  the 
myofibrillse  to  the  telophragmata  and  the  divisibility  of  the  so-called 
myfibril  units  into  still  finer  fibrillse,  the  matter  becomes  clear.  The 
essential  condition  in  muscular  hypertrophy  is  an  increase  in  size  of  the 
fibers  due  fundamentally  to  a  longitudinal  splitting  of  the  myofibrillse. 
Keeping  in  mind  the  connection  of  the  myofibrils  with  the  membrane, 
and  the  imequal  tensions  (relative  or  absolute)  tmder  which  the  adjacent 
muscle-fibrils  work  in  the  hypertrophied  heart,  the  series  of  changes 
from  the  simpler  comb  tyi)e  of  disks  to  the  complex  serrated  type  of 
hypertrophied  muscle  become  intelligible  (fig.  16). 

Heart-muscle,  then,  is  clearly  a  syncytial  structure  in  vertebrates  and 
Limvlua,  and  intercalated  disks  are  presumably  invariably  present 
(the  matter  has  not  yet  received  attention  below  selachii),  representing 
contraction  bands  which  have  become  incapable  of  reversion,  and  thus 
undergo  structural  and  chemical  changes. 

We  are  now  in  a  position  also  to  bring  into  harmony  the  discrepant 
descriptions  of  the  relation  of  the  simpler  intercalated  disks  to  the 
telophragmata.  Heidenhain  (12)  describes  the  disks  as  invariably 
bounded  on  both  sides  by  a  ground  membrane.  They  have  also  been 
variously  described  by  other  observers  as  bordered  only  on  one  side  by 
a  telophragma;  and  as  having  no  definite  relationship  to  these  m^nr 
branes.  My  own  observations  on  mammalian  cardiac  muscle  led  me 
to  conclude  that  the  disks  are  generally  bisected  by  a  telophragma; 
occasionally  they  appear  bounded  on  one  side  by  this  membrane;  and 
generally  in  favorable  instances  the  disks  can  be  seen  to  shade  laterally 
into  a  Z-membrane.  If  an  intercalated  disk  of  the  comb  typ^  is  cor- 
rectly interpreted  in  terms  of  a  contraction  band,  as  I  have  maintained, 
then  it  becomes  a  simple  matter  to  explain  the  usual  relationship  <A 
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the  Z-membrane  to  the  disk,  as  also  the  several  occasional  variations 
when  the  membrane  forms  either  one  or  both  boundaries.  The  Z- 
membrane  forms  also  the  mid-portion  of  the  contraction  band.  As 
an  '^  irreversible  contraction  band/'  an  intercalated  disk  also  is  there- 
fore usually  bisected  by  the  Z-membrane.  It  may  conceivably  occa- 
sionally happen  that  only  half  of  the  contraction  band  may  be  able  to 
rdaxy  whereas  the  other  half  may  become  converted  into  an  inter- 
calated disk.  Such  a  disk  would  then  be  bounded  only  on  one  side 
by  a  ground  mraibrane.  If  these  same  conditions  should  prevail  in 
two  successive  contraction  bands,  involving  the  adjacent  halves  of  the 
bands,  then  the  resulting  disk  would  be  bounded  on  either  side  by  a 
Z-membrane.  Such  disks  would  be  rare,  the  prevailing  t3rpe  being 
iMsected,  or  bounded  on  only  one  side,  by  the  membrane. 

The  presence  of  a  sarcolemma  distinct  from  the  endomysium  is 
proved  by  the  difference  in  staining  reaction  of  the  more  ddicate 
inner  and  coarser  outer  layers  of  the  closely  enveloping  connective 
tissue.  The  outer  reacts  to  q)ecific  stains  for  connective  tissue;  the 
inner  does  not  so  react,  at  least  not  to  the  same  degree,  but  always  to 
the  same  degree  to  which  react  also  the  telophragmata  with  which  this 
innor  la]rer  is  in  close  structural  connection.  This  inner  layer  is  a  true 
sarcolemma.  That  it  represents  the  original  cellnnembrane  seems 
proved  by  the  fact  that  it  is  connected  with  the  nuclear  wall  through 
the  tdojrfiragmata.  The  close  association  of  sarcolemma  and  endmny- 
sium  must  be  emphasised;  but  this  is  exactly  the  same  as  obtains  in 
the  case  of  the  skeletal  muscle,  and  exactly  the  same  structural  condi- 
tions obtain.  In  neither  case  can  there  be  any  doubt  about  the  pres^ice 
(rf  a  sarcolemma.  The  fact  that  one  is  present  in  LtmuIiM  cardiac  muscle 
should  go  far  to  remove  further  skepticism  regarding  its  actual  presence 
in  vortelMrate  heart-muscle. 

Neither  in  the  cardiac  nor  the  abdominalnspine  muscle  of  Limvlue 
is  there  any  indication  of  a  mesc^hragma.  Thulin  records  the  absence 
also  of  a  mesophragma,  and  even  of  a  telophragma,  in  the  wing-musdes 
ot  certain  insects,  birds,  and  bats.    The  meaning  of  this  structural 

in  these  muscles  is  obscure.  Heidenhain  (12)  claims  that  a 
is  i^esent  evoi  in  human  heart-muscle.  The  occurrence 
of  such  a  membrane  in  cardiac  muscle  is  diq>uted  by  many  histologists. 
When  apparently  lacking,  Heidenhain  beHeves  that  it  has  a  thickness 
oi  lees  than  0.2  micron,  the  limit  of  microscopic  resolution,  hence 
indiscemiUe.  It  seems  obvious  that  the  question  as  to  whether  heart- 
muscle  anywhere  actually  contains  mesophragmata  demands  reinvesti- 
gation. If  it  were  actually  present  and  of  the  same  nature  as  the  telo- 
{riiragnut,  and  if  it  had  the  same  relation  to  the  myofibrils  and  to  the 
sarcolemma,  as  Heidenhain  believes,  then  it  should  cause  festoons  in 
the  sarcolemma  like  those  caused  by  the  telophragma,  which  is  not  the 
case.    Furthermore,  if  present,  it  should  produce  a  similar  folding  to 
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that  produced  by  the  telophragmata  in  certain  distorted  fibers,  as  shown 
in  figure  4,  which  also  is  not  the  case. 

In  this  connection  should  be  considered  the  careful  work  of  Md^s  (M) 
(1908)  on  the  wing-muscle  of  the  fly.  He  recognises  the  existence  of 
at  nK>st  only  3  different  substances  in  the  sareostyle,  that  of  the  Q 
bands  and  that  of  the  Z  and  M  lines.  He  regards  J  as  the  optical  effect 
of  reflection  phenomena  due  to  the  presence  of  Z.  He  concaves  of 
Z  as  a  substance  more  hi^y  refractive  than  its  surrounding  medium 
Q.  His  identification  of  M  as  a  true  membrane  in  the  wing-musde 
of  the  fly  is  at  variance  with  the  observations  on  the  wing-muscle  of 
beetles  by  Thulin  (4)  who  records  its  absence  in  this  group.  In  Limviue 
striped  muscle,  both  cardiac  and  skeletal,  Mnnembranes  can  not  be 
discerned  either  in  fresh  or  fixed  and  stained  material. 

In  unstained  skeletal  fiba:s  the  Q-band  is  faintly  viable;  in  cardiac 
muscle  it  can  only  occasionally  be  barely  detected.  But  in  stained 
fibers  in  certain  instances  it  is  distinctly  visible  in  both  types  ot  muscle 
(figs.  6b  and  9).  Certainly  Q  and  /  have  a  differrat  staining  capacity; 
and  this  indicates  a  structural  difference,  perhaps  inhering  only  in  a 
relatively  greater  abundance  of  '^ anisotropic  granules"  in  Q. 

The  J-band,  compared  with  the  Z-membrane,  is  much  too  wide  to 
permit  of  any  reasonable  interpretation  of  its  appearance  in  terms  of 
refraction  phenomena  due  to  the  presence  of  the  Z-m^nbrane.  More- 
over, in  the  contracted  fiber  one  sees  only  ''contraction  bands"  (appar- 
ently Z  +  Q)y  and  /-bands,  the  /-band  being  now  topographically  in 
part  at  the  former  level  of  the  original  Q-band.  In  the  case  of  Ldimdus 
striped  muscle,  one  is  forced  to  conclude  that  3  distinct  substances  are 
present,  namely,  that  of  the  telophragmata  and  the  J  and  Q  substances. 

Limulus  increases  in  size  at  least  throughout  early  life.  Histologi- 
cally the  tissues  of  the  internal  organs  mature  early,  but  proviaon 
must  be  made  for  constant  enlargement.  This  fact  must  be  kept  in 
mind  in  the  interpretation  of  the  structure  of  its  muscle.  Though 
mature  as  concerns  its  fundamental  histogenesis,  it  pree^its  develop- 
mental phenomena.  It  is  of  cardinal  interest  and  significance  that  these 
are  very  similar  to  early  histogenetic  stages  in  the  muscle  of  higher 
forms.  In  skeletal  muscle  this  point  concerns  chiefly  the  arrange- 
ment of  the  fibrillse  in  lamellae  and  cjdinders,  each  undergoing  longi- 
tudinal splitting,  the  former  both  radiied  and  vertical  (paratangential). 
This  is  exactly  the  condition  prevalent  in  develoi^ng  muscles  of  the 
newly-hatched  rainbow  trout  and  other  teleosts.  In  cardiac  muscle 
this  same  point  concerns  also  the  nucleus.  These  nucld  multiply 
greatly,  and  by  amitotic  division.  The  reason  for  amitotic  multiidi- 
cation  rather  than  mitotic  in  the  enlarging  Limtdue  muscle,  both 
skeletal  and  cardiac,  remains  obscure. 

This  leads  naturally  again  to  a  consideration  of  the  evidence  for 
''muscle  cells"  in  the  sense  of  Apathy  (1888)  and  Baldwin  (1912). 
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The  Griginal  myoblasts  are  lost  in  a  syncjrtium,  in  the  skeletal  muscle 
appearing  as  multi-nucleated  distinct  fibers,  in  the  cardiac  muscle  as 
a  looee-meshed  intricate  network  of  larger  and  smaller  trabecule.  The 
muscle-substance  here  consists  of  a  finely  granular  sarcoplasm  (with 
large  lipoid  ^herules  in  the  vicinity  of  the  nucleus),  throughout  which 
are  scattered  the  myofibrils  and  the  nuclei.  The  rdationship  of  ground 
membrane  to  nuclear  wall  and  to  sarcolenmia,  as  also  the  result  of  the 
abundant  nuclear  amitosis  in  cardiac  muscle,  would  hardly  be  intellir 
gible  on  any  other  groimd.  In  view  of  the  evidence  derived  from  the 
study  of  the  muscle  from  the  adult  mouse  (Jordan),  and  the  data 
recorded  by  Asai  (s)  on  the  histogenesis  of  this  same  heart-muscle,  the 
oelhilar  hypothesis  of  muscle  structure  must  be  definitely  abandoned. 
If  additional  evidence  were  required  in  refutation  of  the  interpreta- 
tion of  interfibrillar  muscle-cells  in  striped  muscle,  it  may  be  drawn  from 
the  structure  of  the  striped  muscles  of  tunicates  («.  g.,  tail-muscles  of 
Amaraucvumy;  here  the  ''fiber''  is  a  mononucleated  dongate  hexagonal 
cell,  with  its  nucleus  centrally  and  the  myofibrilke  peripherally  disposed. 
-  The  observations  here  recorded  with  respect  to  the  fibrillar  structure 
of  Limulus  muscle,  namely,  the  resolution  of  the  muscular  substance 
into  finer  and  finer  complexes  to  the  limit  of  visibility,  strongly  sup- 
port the  protomere  hypothesis  of  Heidenhain  (ft),  which  maintains  that 
all  living  matter  is  divisible  into  progressively  smaller  specific  imits, 
the  ultimate  vital  molecular  units  being  the  ''histomeres,"  ''proto- 
meres,"  or  ''metafibrilte." 

SUMMARY. 

1.  Both  the  skeletal  and  the  cardiac  muscles  of  Limulua  consist  of 
trabecule  of  finely  granular  sarcoplasm,  holding  regularly  aggregated 
collections  of  myofibrilbe,  and  confined  by  a  cell-membrane  or  sarco- 
lemma;  throughout  the  trabecule  are  scattered  irregularly  the  numer- 
ous nuclei. 

2.  In  cardiac  muscle  the  main  trabecule  and  their  branches  form  a 
looee-meshed  syncytiiun. 

3.  Neither  type  of  muscle  contains  meeophragmata. 

4.  Very  rarely  an  intercalated  disk  of  the  simple-comb  t3rpe  appears 
in  the  cardiac  muscle. 

5.  Both  tjrpes  are  very  similar  in  respect  of  the  presence  and  arrange- 
ment, in  the  same  phase  of  contraction,  of  Q  and  /  disks,  and  the 
tdophragmata. 

6.  The  telophragmata  are  continuous  membranes  closely  attached 
centrally  to  the  nuclear  wall,  which  is  frequently  drawn  out  into  pro- 
jections at  the  points  of  attachment,  and  peripherally  to  the  sarco- 
lemma. 

7.  The  sarcolemma  is  a  very  delicate  membrane,  closely  associated 
with  the  enveloping  endomysiiun,  but  reacting  differently  to  specific 
connective-tissue  stains. 
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8.  The  evidence  k  unequivocal  against  an  interpretation  of  struct^ 
in  terms  of  '^muscle-ceUs''  and  intarodhilar  myofibrilbB. 

9.  The  nuclei  of  the  growing  muscles  multiply  by  amitotic  divisicm. 

10.  The  myofibrill»  may  be  resolved  into  still  finer  fibrils  to  the 
limit  of  visibility,  an  observation  in  support  of  Heidenhain's  "teU- 
kSrper*'  ("protomere")  theory. 

11.  The  structurally  different  constituents  of  the  I/itiiulM  sarooBtjrle 
are  the  Z-membrane  and  the  Q  and  J  disks.  Q  and  J  most  probably 
differ  only  in  the  matter  of  a  relatively  greater  abundance  of  certain 
daricer-staining  materials,  the  so-called  anisotroinc  granules,  in  the 
former. 

12.  M-membranes  occur  only  in  certain  more  q^ecialised  types  oi 
striped  muscle;  they  are  probably  nevw  present  in  the  form  of  actual 
membranes  in  cardiac  muscle. 

13.  In  essential  structure  the  cardiac  and  skdetal  muscles  of  LwmilM 
are  closely  similar,  indicating  a  close  functional  similarity.  The  struc- 
ture serves,  moreovw,  as  a  ^lendid  illustration  of  the  '%w  o(  bio- 
graesis,''  in  that  it  is  practically  identical  with  a  stage  in  the  early  his- 
togenesis of  striped  muscle  of  teleosts. 
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DESailPnON  OF  ILLUSTRATIONS. 

Fio.  1a. — Trsnsvene  seetion  of  5  adjacent  akdeUU-moide  fiben  (abdominjU-^ptne  mnselei), 
thowinc  the  creat  variation  in  diameter  and  the  random  distributkxi  ol  the  nndei  (»)•  X760. 
Flemmins's  fixation;  iron-hematoxylin  ttain. 

Fio.  1b. — More  highly  macnified  portion  (x)  ol  the  largest  fiber  ihown  in  ▲.  n,  nudem; 
«,  aarooleouna;  p,  perimymm  (endomymum).  The  myofibrils  are  arranged  in  bundles 
throughout  the  sarooplasm  and  show  a  peripheral  radial  and  a  oentnl  vertical  (paratan- 
gential)  division.     X2.000. 

Flo.  2. — Longitudinal  sections  ol:  (a)  Contracted  fiber;  (b)  uneontractad  fiber.  Z,  telo- 
phragma; Qt  anisotropic  disk;  J,  isotropic  disk.     X2,000. 

Fig.  3. — Portions  of  longitudinal  sections  c^  musde-fibers  showing  a  smaller  {A)  and  larger  (B) 
nucleus.  The  perinuclear  sarooplasm  contains  fine  hitter  and  coarse  darker  (g)  sfrfierical 
lipoid  granules.  The  telophragma  (Z)  is  continuous  with  the  nuclear  wall,  whidi  projects 
into  a  series  of  spines  at  the  points  of  union.     X2.000. 

Flo.  4. — Striped-muscle  fiber  which  has  suffered  distortion.  The  lines  ol  distortion  are  ideotieal 
with  the  telophragmata  (Z),  demonstrating  the  attachment  ol  the  myofibrils  to  the  ground 
membrane.  The  myofibrils  stain  more  intensely  and  are  slightly  swollen,  giving  a  granular 
appearance  at  this  level,  at  the  point  ol  attachment  to  the  telophragma.  8,  saroolemma. 
X2.000. 

Fig.  5. — Portion  of  longitudinal  section  of  skeletal-muscle  fiber  showing  the  telophragmata 
(T)  continuous  with  the  saroolemma.  E,  endomysium;  AT,  myofibril;  S,  saroolemma. 
X2.000. 

Fig.  6a. — Transverse  section  of  a  large  trabecula  of  cardiac  musde,  showing  the  division  into 
several  larger  and  a  number  of  smaller  branches.  The  trabecula  and  branches  are  enveloped 
by  a  saroolemma  (<S)  in  intimate  association  with  the  endomysium  (Jff).  The  nuclei  are 
scattered  promiscuously  throui^HHit  the  diameter  of  the  fiber.     X  1,000. 

Flo.  Ob. — More  highly  magnified  portion  (x)  of  a,  showing  arrangement  of  msrt^briUs  into 
lamellar  and  cylindrical  groupings.     X2,000. 

Fig.  7. — Transverse  section  of  small  cardiac-muscle  trabecula,  showing  the  disposition  of  the 
larger  bundles  (M)  of  myofibrils  (in  which  the  fibriUae  are  grouped  in  lamrllipi  and  cylinders), 
the  enveloping  finely  granular,  deUoate  sacroplasm,  and  the  confining  delicate  saroolemma  (S). 
The  nucleus  in  this  section  is  peripherally  placed.     X2,000. 

Fig.  8. — Portion  of  longitudinal  section  of  cardiac-muscle  trabecula.  The  telophragmata  are 
continuous  with  the  sarcolemma  (5)  which  is  festooned  between  the  membranes.  That 
portion  of  the  membrane  to  which  the  myofibrils  are  attached  is  granular  in  appearance; 
the  extra  fibrillar  portion  is  non-granular.  The  sarooplasm  is  finely  granular.  The  endo- 
mysium {E)  is  very  intimately  attached  to  the  saroolemma,  but  with  picric  acid-fuohsin 
counterstain  it  stains  red,  while  the  sarcolemma  remains  unstained.  When  the  action  of 
the  stain  is  prolonged,  endomysium,  telophragma,  sarooplasm,  and  sarcolemma  all  take  on 
a  red  or  pink  color.  X 2,000.  Zimmermann*s  fixation;  iron-hematoxylin,  with  picric  add- 
fuchsin  counterstain. 

Fig.  9. — Fiber  in  the  uncontracted  condition,  showing  the  Z,  Qt  and  J  lines.     X2,000. 

Fio.  10. — Fiber  showing  the  relationship  of  the  telophragmata  and  the  endomysium  {E)  to  the 
saroolemma  (S),  The  endomsrsium  is  red  in  color,  while  the  saroolemma  and  tdophragmata 
remain  dark  brown  or  black,  in  successfully  add-fuohsin  stained  preparations.     X  2,000. 

Fig.  11. — Cardiac  fiber  in  the  uncontracted  condition,  showing  the  deeper-staining  granular 
modification  of  the  m^'ofibrilUe  at  the  levels  of  attachment  to  the  telophragmata.  A  periph- 
eral nucleus  and  the  sarcolemma  {S)  are  also  shown.     X  2,000. 

Fig.  12. — Heart-muscle  nudei  (a  and  b)  showing  the  relationship  of  the  tdophragmata  to  the 
nudear  wall.  The  perinudear  sarooplasm  is  bounded  by  fibrillsD;  there  is  no  indication  of 
a  cell-membrane.  The  nudear  wall  projects  into  spines  at  the  points  where  the  ground- 
membranes  are  attached.     X  2,000. 

Fig.  13. — Two  adjacent  cardiac  fibers  with  intervening  connective  tissue  (c.  L,  endomj^um). 
72,  uncontracted  fiber;  C,  contracted  fiber;  S,  sarcolemma;  6.  c,  blood-oell.  Note  the  difference 
in  sise  and  structure  between  the  nucld  of  the  connective  tissue  and  the  muscle  tissue.  Both 
connective-tissue  cjrtoplasm  and  the  perinuclear  sarooplasm  contain  lipoid  q;>herules. 
X2,000. 

Fig.  14. — Multinudeated  sarcoplasmic  area.    The  division  process  is  amitotic     X2,000. 

Fig.  15. — Intercalated  disk  of  cardiao-muscle  fiber  of  Limii/ua,  dividing  a  contracted  (upper) 
portion  from  an  uncontracted  (lower)  portion.     X 2,000. 

Fig.  16. — Diagrams  to  illustrate  the  probable  derivation  of  the  complex  serrated  type  of  inter- 
calated disk  characteristic  of  hypertrophied  musde  from  the  simple-comb  type  by  process 
of  longitudinal  splitting  of  the  myofibrils  and  unequal  tensions  among  adjacent  fibrils.  The 
myofibrils  are  numbered  1  to  5;  Z,  tdophragma;  d,  intercalated  disk,  (a)  oomb  type, 
(b)  type  found  sparingly  in  mammalian  hearts,  and  exdusivdy  in  hjrpertrophied  hearts. 
The  distortions  suffered  by  the  successive  tdophragmata  adjaoent  to  the  one  directly  involved 
in  the  disk  are  not  taken  into  account  in  the  diagram  b. 
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HEMOPOIESIS  IN  THE  MONGOOSE  EMBRYO,  WITH  SPECIAL 
REFERENCE  TO  THE  ACTIVITY  OF  THE  ENDOTHE- 
LIUM, INCLUDING  THAT  OF  THE  YOLK-SAC. 


Bt  H.  E.  Jobdan. 


INTRQDUCnON. 

In  several  recent  papers  dealing  with  hemopoietic  phenomena  in 
turtle  (7)  and  in  pig  embryos  (s  and  9)  I  described  appearances  on  the 
basis  of  which  I  maintained  a  contributive  r61e  on  the  part  of  the 
endothelium,  both  intraembryonic  and  yolk-sac.  This  position  is  in 
agreement  with  that  of  Schridde  (20),  Maximow  (11  and  12),  and  others 
who  have  studied  the  origin  and  development  of  blood-cells  in  various 
forms.  Principally  in  the  work  of  Maximow  and  of  Dantschakoff  (s) 
this  method  of  partial  blood-cell  origin  has  become  related  to  the  mono- 
phyletic  theory  of  hemogenesis  which  they  support.  On  the  basis  of 
his  experimental  work  with  Funduhis  embryos,  narcotized  with  alcohol, 
Stockard  (21)  concludes  that  the  endothelium  in  these  embryos  can  not 
transform  into  hemoblasts;  and  he  views  with  skepticism  the  whole 
mass  of  morphologic  evidence  offered  in  proof  of  the  hemogenic  capac- 
ity of  endothelimn,  claiming  that  a  different  interpretation  of  descrip- 
tions and  illustrations  is  at  least  as  plausible  as  the  one  usually  given. 
Stockard,  moreover,  attacks  the  monophyletic  theory,  and  in  the  devel- 
opment of  his  argument  brings  the  non-hemogenic  r61e  of  endotheliimi 
into  relation  with  the  polyphyletic  theory  of  blood-cell  origin.  More- 
over, those  who  believe  in  the  strict  specificity  of  endothelium,  and  in 
a  degree  those  who  accept  the  angioblast  theory  of  His,  dispute  the 
possibility  of  endothelium  to  give  origin  to  blood-cells.  It  is  the 
chief  purpose  of  this  contribution  to  state  and  illustrate  the  evidence 
which  in  the  opinion  of  the  author  justifies  a  belief  in  the  endothelial 
origin  of  some  hemoblasts  and  which  agrees  to  a  considerable  extent 
with  a  monophyletic  interpretation  of  hemopoiesis.  This  study  confines 
itself  largely  to  the  mongoose  embryo.  No  special  virtue  is  claimed 
for  this  form  in  this  regard.  The  chief  value  of  this  material  lies  in 
the  fact  of  a  superb  fixation  and  a  favorable  staining,  and  in  that  it 
is  of  a  stage  of  development  (5  to  7  mm.)  where  the  phases  in  question 
are  especially  abundant  and  clear.  Moreover,  it  serves  well  as  a  key 
to  the  proper  interpretation  of  certain  aortic  cell-clusters  described  for 
the  10-mm.  pig  embryo.     (Emmel  (4  and  $) ;  Jordan  (9).) 
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MATERIAL  AND  METHODS. 

The  material  includes  three  embryos,  with  yolk-6ac  attached,  of  5, 
6,  and  7  nmi.  length.  The  embryos  were  collected  in  March  1912  at 
Montego  Bay,  Jamaica,  British  West  Indies,  while  with  the  scientific 
expedition  of  the  Department  of  Marine  Biology  of  the  Carnegie 
Institution  of  Washington,  under  the  leadership  of  the  Director,  Dr. 
Alfred  G.  Mayer.  The  embryos  were  fixed  in  Belly's  fluid,  stained 
in  toto  with  Delafield's  hematoxylin,  lightly  counterstained  with  eosin, 
and  sectioned  in  parafi&n  at  10  microns.  From  the  viewpoint  of  hemo- 
poietic phenomena  the  three  embryos  are  practically  identical.  Since 
the  5  mm.  embryo  seems  to  possess  a  slight  advantage  in  respect  of 
abundance  of  crucial  stages  and  of  differential  staining,  the  following 
description  will  pertain  almost  exclusively  to  this  embryo.  The  tissue 
is  perfectly  normal,  as  is  indicated  by  the  abundant  mitoses  in  prac- 
tically every  tissue.  The  cell-clusters  of  the  aorta  show  a  pn^ressive 
increase  in  size  and  differentiation  from  the  5  to  the  7  nmi.  embryo. 

HEMOPOIESIS  IN  YOLK-SAC 

The  yolk-6ac  wall  consists  of  three  layers:  (1)  the  thin  superficial 
mesothelial  layer;  (2)  the  wide  middle  mesench}rmal  layer,  filled  with 
endothelium-lined  blood-channels;  (3)  the  inner  entodermal  lining, 
consisting  of  a  single  layer  of  large  cuboidal  cells  more  or  less  flattened 
(fig.  2,  plate  i;  and  fig.  23,  plate  ui).^ 

The  entodermal  cells  are  characterized  by  the  typical  cytology  de- 
scribed for  those  of  the  10-mm.  pig  embryo — ^large  vesicular  nucleus  and 
a  granulo-alveolar  cytoplasm  frequently  containing  long,  delicate  basal 
filaments.  The  cytologic  evidence  indicates  a  secretory  function.  A 
number  of  the  cells  are  in  mitosis. 

The  mesothelium  consists  of  greatly  flattened  cells  with  long  oval 
vesicular  nuclei.  The  mesothelium  is  in  syncytial  continuity  with  the 
middle  mesenchymal  layer.  Where  mesothelium  and  endothelium 
abut  the  two  tissues  become  continuous,  and  no  differential  marks, 
either  nuclear  or  cytoplasmic,  appear  to  identify  the  two.  Cells  of 
either  tissue  may  have  larger  or  smaller  nuclei,  more  chromatic  or  less 
chromatic,  with  a  delicately  or  coarsely  granular  reticulum,  and  a 
more  deeply  or  less  deeply  staining  cytoplasm,  depending  probably 
upon  the  particular  phase  of  modification  or  function.  Exactly  ihe 
same  description  will  hold  also  for  the  mesenchyma.  Except  for  a 
frequently  stellate  shape  of  the  mesenchymal  cells,  the  three  tissues — 
mesothelium,  endotiielium  and  mesenchyma — are  structurally  prac- 
tically identical  at  this  stage.  Mesothelium  and  endothelium  are  deriv- 
atives of  the  mesenchyma,  apparently  imder  the  operation  principally 
of  the  mechanical  factor  of  pressure. 

^The  photomiorographs  were  made  by  Mr.  William  S.  Dimn,  Cornell  Univenity  Medioai 
School,  New  York. 
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The  study  of  the  origm  of  the  blood-cells  is  best  approached  by  a 
classification  of  the  different  types  of  cells  found  free  in  the  blood- 
vessels, both  yolk-sac  and  intraembryonic.  The  preponderating  tjrpe 
of  cell  is  the  erythroblast  with  pale  homogeneous  cytoplasm  and  a 
spherical  vesicular  nucleus.  The  nucleus  generally  contains  one  or 
several  nucleoli  and  a  delicate,  more  or  less  granular  chromatic  retic- 
ulum (fig.  2).  Many  of  these  cells  are  in  mitosis;  an  occasional  cell 
shows  a  nuclear  condition  suggestive  of  amitosis  (fig.  2).  The  homo- 
geneous cytoplasm  has  a  slightly  acidophilic  staining  reaction;  these 
cells  correspond  to  those  of  the  pig  embryo,  which,  in  Giemsa-stained 
material,  have  a  grayish-pink  color.  An  occasional  cell  has  a  slightly 
larger  size  than  the  average  of  the  eythroblasts  and  is  characterized  by 
a  finely  granular  cytoplasm,  slightly  acidophilic  (fig.  126).  This  is  a 
still  younger  erythroblast,  and  corresponds  to  Maximow's  megaloblast 
type.  The  granules  are  more  probably  the  initial  hemoglobin  content. 
These  cells  are  transition  forms  between  basophilic  hemoblasts  and 
acidophilic  erythroblasts.  A  few  cells  occur  which  are  characterized 
by  a  denser,  deeper-staining  nucleus  and  a  more  highly  acidophilic 
cytoplasm;  these  represent  more  differentiated  erythroblasts  and  may 
be  called  normoblasts;  no  non-nucleated  erythroplastids  are  yet  present. 

Hemoblasts  also  appear  in  considerable  numbers,  more  abundantly 
in  the  yolk-sac  vessels  (fig.  1,  a  and  b).  These  are  characterized  by  a 
relatively  large  granular  and  vesicular  nucleus,  usually  with  several 
large  chromatic  nucleoli  and  a  relatively  thin  shell  of  basophilic,  ap- 
parently homogeneous,  cytoplasm.  In  this  material  not  a  single 
mitotically  dividing  hemoblast  was  seen.  In  the  pig  embryo  also  a 
mitotically  dividing  hemoblast  was  an  extremely  rare  occurrence.  In 
both  instances,  however,  nuclear  amitotic  phenomena  are  abundant. 
The  initial  stage  is  characterized  by  a  kidney-shaped  nucleus.  The 
hemoblast  may  take  very  irregular  shapes  (see  figure  lb)  indicating 
amoeboid  activity.  Figure  1,  c  and  d,  shows  two  late  differentiation 
stages  of  a  hemoblast;  the  nucleus  stains  less  intensely,  and  the  cyto- 
plasm has  become  less  basophilic.  Figure  Id  is  binucleated,  probably 
the  result  of  a  direct  division  of  the  nucleus.  Trinucleated  hemoblasts 
also  are  of  frequent  occurrence. 

Giant  cells  are  frequently  met  with.  These  differ  from  the  hemo- 
blasts apparently  only  in  their  greater  size  and  the  irregular  character 
(fig.  le)  or  the  multiple  condition  of  the  nucleus.  The  size  relation 
between  nucleus  and  cjrtoplasm  is  slightly  altered  in  favor  of  the  latter. 
The  cytoplasm  is  basophilic  and  the  nucleus  generally  stains  as  intensely 
as  that  of  the  mononucleated  hemoblast.  The  giant  cell  is  most  prob- 
ably a  hypertrophied  hemoblast.  Its  multinucleated  condition  re- 
sults from  amitotic  division  of  the  hemoblast  nucleus.  The  multi- 
nucleated forms  are  much  less  abundant  in  the  5-nun.  mongoose  embryo 
than  in  the  10-mm.  pig  embryo.    Moreover,  in  the  latter  they  have 
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attained  a  much  larger  sixe  and  may  contain  many  more  nuclei  than 
{  in  the  former.  The  evidence  fn»n  the  pig  embyro  suggested  that 
.  giant  cells  were  multiple  erythroblasts,  eventually  differentiating  into 
definitive  erythrocytes.  The  giant  cdls  of  the  mongoose  include  only 
the  earUest  stages  of  those  described  for  the  pig,  hence  no  confirm- 
atory evidence  of  the  above  conclusions  regarding  their  erythro- 
poietic function  accrues  from  a  study  of  these  cdls;  but  the  evidence, 
so  far  as  it  goes,  accords  with  that  daived  from  the  study  of  giant 
cells  of  the  pig,  and  the  tentative  conclusion  that  they  are  erythro- 
blasts  rather  than  erythrophages  may  remain  imaltered. 

A  careful  study  of  the  mesenchyma  shows  that  niunerous  cells,  both 
singly  and  in  groups,  take  on  nuclear  and  cytoplasmic  hemoblast 
characteristics,  and  eventually  roimd  up  more  or  less  and  separate 
from  the  parent  mesenchyme.  Elxactly  similar  conditions  were  de- 
scribed and  illustrated  for  the  yolk-sac  of  the  10-mm.  pig  embryo  and 
need  not  be  further  conadered.  As  single  ceUs  these  hemoblasts  may 
wander  into  adjacent  vessels;  or  as  groups  (blood-islands)  they  may 
become  inclosed  in  endothelium  forming  in  the  surroimding  mesen- 
chyma, to  produce  an  ''angiocjrst"  of  the  growing  vascular  net. 
Similar  conditions  have  frequently  been  described  by  various  authors 
(Maximow,  Dantschakoff,  and  others)  in  sections  of  the  yolk-sac  of 
various  forms.  Since  Stockard  has  more  recently  described  compar- 
able processes  in  the  yolk-sac  of  the  living  Fundulus  embryo,  there 
need  remain  no  further  doubt  that  mesenchyma  does  actually  differ- 
entiate directly  into  hemoblasts  and  into  enveloping  endotheUum. 

The  point  of  controversy  now  centers  on  the  question  whether  the 
endotheUum  of  the  vascular  net  of  the  yolk-sac  and  else^ere  can  trans- 
form into  hemoblasts;  for  in  the  Fundulus  embryo  Stockard  claims  that 
the  endothelium  has  no  hemogenic  capacity ;  and  on  the  basis  of  this  fact 
he  casts  doubt  upon  evidence  contributed  as  a  demonstration  for  blood- 
cell  origin  from  endotheUum  in  other  forms  (Schridde,  Maximow,  Jordan 
and  FUppin,  Jordan,  Dandy,  and  others).  However,  Reagan's  (is) 
more  recent  findings  in  Fundulus  embryos  contradict  Stockard's  con- 
clusions on  this  point. 

Appearances  in  the  yolk-sac  of  the  pig  seemed  to  permit  of  no  escape 
from  the  conclusion  that  endotheUum  did  in  fact  transform  in  part 
into  hemoblasts  (s).  The  yolk-sac  of  the  mongoose  gives  exactly  the 
same  evidence.  This  may  be  seen  by  a  glance  at  figure  2a,  26,  or  2c. 
The  cell  &  is  at  the  crucial  stage  of  metamorphosis.  It  is  still  contin- 
uous with  the  endotheUum,  and  directly  continuous  with  the  endothe- 
lial ceU  /;  but  it  has  aU  the  nuclear  and  cytoplasmic  characteristics  of 
a  hemoblast  (compare  with  la  and  lb).  CeU  c  represents  a  further 
stage  in  the  same  process  and  is  about  to  separate  from  the  endothe- 
Uum as  a  mononculeated  giant  ceU.  A  final  stage  is  represented  in 
figure  3,  where  a  metamorphosed  endothelial  ceU  has  just  become  sepa- 
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rated,  and  has  not  yet  fully  rounded  up  into  the  typical  hemoblast. 
Similar  examples  might  be  multiplied  indefinitely;  more  are  given  in 
the  paper  dealing  with  this  same  phenomenon  in  the  pig  embryo;  but 
enough  has  been  shown,  especially  in  the  case  of  cell  b,  to  leave  no 
further  doubt,  I  believe,  that  young  endothelium  can  indeed  trans- 
form into  cellular  blood  elements. 

It  is  of  interest  and  importance  to  note  that  the  origin  of  hemoblasts 
from  endothelial  cells  also  in  the  bone  marrow,  both  under  normal 
and  certain  pathological  conditions,  is  described  by  some  of  the  leading 
pathologists,  e.  g.,  Aschofif  (see  Mallory's  "Principles  of  Pathologic  His- 
tology")- Such  a  "lining  cell"  of  the  marrow  blood  spaces  is  beUeved 
by  Aschoff  and  by  Mallory  to  be  capable  of  diflferentiation  either  into 
an  erythrocyte,  a  granuloblast,  or  by  hypertrophy  into  a  megakaryo- 
cyte, which  accords  with  the  evidence  derived  from  my  study  of  the 
yolk-sac  vessels  of  the  pig  and  the  mongoose.  Moreover,  Mallory,  in 
his  list  of  normal  cellular  blood  elements  (p.  21),  substitutes  for  the 
commonly  described  mononuclear  leucocyte  (transitional  leucocyte) 
his  "endothelial  leucocyte."  This  cell  he  derives  from  "the  endothelial 
cells  lining  blood,  and  to  a  less  extent  lymph,  vessels  by  proliferation 
and  desquamation.  They  also  multiply  by  mitosis  after  emigration 
from  vessels  into  the  lesions." 

Since  few  any  longer  doubt  that  young  mesenchymal  cells  can  trans- 
form on  the  one  hand  into  certain  blood-cells  and  on  the  other  into 
endotheliimi,  it  seems  a  priori  reasonable  to  suppose  that  the  only 
slightly  altered  mesenchyma,  the  embryonic  endothelium,  can  also 
occasionally  transform  directly  into  hemoblasts.  The  same  thing 
should  be  true  also,  perhaps  to  a  lesser  extent,  with  regard  to  meso- 
thelium,  and  for  the  same  reason.  According  to  Bremer  (i)  the  meso- 
theliimi  covering  the  body-stalk  of  a  1  mm.  human  embryo  does  in 
fact  give  rise  to  some  extent  to  blood-cells. 

The  main  purpose  of  this  paper  is  to  attempt  to  establish  the  thesis 
that  young  endothelium  has  a  hemogenic  capacity,  by  showing  that 
intra-embryonically  also  conditions  occur  similar  to  those  described 
for  the  yolk-6ac.  These  conditions  relate  to  the  endothelial  origin  of 
hemoblasts,  which  through  a  close  series  of  developmental  stages  can 
be  traced  into  erythrocytes. 

The  transition  to  intra-embryonic  conditions  next  to  be  described 
may  be  made  by  way  of  figure  4,  which  represents  a  binucleated  elon- 
gated hemoblast,  from  a  yolk-sac  vessel,  about  to  separate  from  the 
endothelium  with  which  it  is  still  in  part  intimately  connected  and  from 
which  it  has  undoubtedly  differentiated.  The  binucleated  cell  is  appar- 
ently also  about  to  divide  into  two  hemoblasts,  thus  consummating 
the  amitotic  process. 
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CELL-CLUSTERS  OF  THE  AORTA. 

The  neict  evidence  for  hemogenic  capacity  on  the  part  of  the  endothe- 
lium pertains  to  certain  phenomena  in  the  abdominal  portion  of  the 
dorsal  aorta,  the  so-called  ''cell-clusters/'  Similar  clusters  in  mam- 
malian embryos  were  first  (1909)  observed  by  Maximow  (ii)  in  the 
rabbit  embryo.^  Dantschakoff  (s)  had  already  reported  comparable 
structures  in  the  chick  embryo.  Minot  (is)  later  (1912)  described 
them  also  for  human  embryos  between  8  and  10  mm.  Emmel  (4) 
subsequently  (1915)  studied  more  in  detail  these  clusters  in  pig,  rabbit, 
and  rat  embryos.  At  the  same  time  I  was  making  a  detailed  study  of 
the  aortic  cell-clusters  in  the  10  to  12  nun.  pig  embryos,  and  had  come 
to  essentially  the  same  tentative  conclusion  r^arding  their  significance 
as  Emmel,  namely,  that  they  were  masses  of  hemoblasts  differentiating 
from  the  endothelium.  In  the  10-mm.  pig  embryo  these  clusters  are 
abundant  and  very  large,  some  consisting  of  100  or  more  cells;  they 
are  practically  limited  to  the  ventral  portion  of  the  aorta  (fig.  24). 
Proximally  they  are  in  continuity  with  the  endothelium  and  the  sub- 
jacent mesenchyma.  Peripherally  they  consist  of  typical  hemoblasts 
and  young  erythroblasts.  The  former  are  characterized  chiefly  by  a 
deeper-staining  basophilic  cytoplasm,  the  latter  by  a  lighter-staining 
acidophilic  cytoplasm.  Centrally  transition  stages  occur  between  endo- 
theliiun  and  hemoblast.  Occasionally  the  clusters  contain  a  central 
core  of  only  slightly  differentiated  endothelial  cells.  A  number  of  the 
cells  may  be  in  mitosis,  and  some  exhibit  phases  in  nuclear  amitotic 
division.  The  mongoose  material  is  of  special  value  in  that  it  shows 
the  earlier  stages  in  the  formation  of  these  clusters  and  thus  gives 
the  key  to  their  proper  interpretation.  The  pig  material  showed 
a  progressive  size  increase  between  the  5  and  12  mm.  stages  of  develop- 
ment. The  mongoose  material  shows  the  same  thing.  In  the  7-mm. 
embryo  the  clusters  are  somewhat  larger  and  the  peripheral  cells  more 
differentiated  than  in  the  5  mm.  embryo. 

Figures  5  and  6  show  typical  small  clusters,  the  first  from  the  ventro- 
lateral wall  of  the  aorta,  the  latter  from  the  mid-ventral  line.  Figure 
5  gives  the  appearance  of  a  buckling  of  the  endothelium  into  the  liunen 
of  the  aorta,  the  peripheral  cells  of  the  invaginated  area  assuming 
hemoblast  characteristics.  In  the  cluster,  figure  6,  the  peripheral  cells 
have  progressed  still  further  along  this  line  of  differentiation,  and  the 
proximal  pole  shows  an  increase  of  amitotic  proliferative  activity  and 
transition  phenomena  on  the  part  of  the  endothelium.  In  the  case  of 
the  larger  clusters  the  subjacent  endothelium  has  in  some  instances 
undergone  considerable  thickening,  being  frequently  three  layers  thick. 

The  close  association  between  the  cluster  and  the  endothelium  (figs. 
25, 26,  and  27)  through  a  portion  showing  a  transition  between  endothe- 

^ProfetfloT  Van  der  Strioht  informs  me  that  he  had  obeenred  aortio  oeU-olnstert  in  b«t  embnros 
as  eariy  as  1899 ;  but  he  claims  that  the  cells  of  these  dusters  only  differentiate  into  leuoooytea. 
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limn  and  hemoblasts,  coupled  with  proliferatiye  activity  on  the  part 
of  the  constituent  cells,  should  render  unnecessary  any  discussion  as 
to  whether  these  clusters  may  not  be  groups  of  hemoblasts  deposited 
from  the  circulating  blood  and  caused  by  pressure  to  adhere  to  the 
vessel  wall.  The  latter  interpretation  was  given  by  Minot  (is)  to  these 
clusters  in  human  and  rabbit  embryos,  in  opposition  to  Maximow  (ii), 
who  described  ihem  in  the  rabbit  as  arising  by  the  proliferation 
of  the  endothelium.  Minot's  objection  to  Maximow's  original  inter- 
pretation was  based  on  his  failure  to  observe  either  in  the  human  or 
the  rabbit  embryos  any  continuity  between  the  protoplasm  of  the 
endothelial  cells  and  that  of  the  ^'mesamoeboids"  of  the  cell-clusters, 
or  any  considerable  number  of  mitotic  figures  in  the  endothelial  cells 
in  the  neighborhood  of  the  clusters;  ''and,  finally,  because  the  endothe- 
lial nuclei  are  differentiated,  while  the  nuclei  of  the  cells  of  the  clusters 
are  not  differentiated.''  The  mongoose  material,  however,  shows  a 
definite  cytoplasmic  continuity  between  endothelial  cells  and  the 
proximal  ceUs  of  the  clusters.  Moreover,  while  endothelial  mitoses 
are  rare  in  the  neighborhood  of  the  clusters,  various  stages  in  the 
amitotic  division  of  endothelial  nuclei  are  abundant.  As  in  the  case 
of  certain  other  tissues  of  various  forms  undergoing  rapid  growth 
under  certain  conditions  (e.  g.y  blastoderm  of  pigeon,  Patterson;  tendon 
cells  of  new-bom  mouse,  Nowikoff,  etc.),  the  endothelial  cells  may  here 
proliferate  by  the  amitotic  mode.  Finally,  the  nuclear  differentiation 
of  the  subjacent  endothelial  ceUs  is  of  a  lesser  degree,  judged  especially 
by  the  small  size  of  the  nuclei  and  their  spheroidal  shape  than  that  of 
the  more  peripheral  hemoblast  transition  elements,  many  of  which 
contain  oval  and  kidney-shaped  nuclei.  Further  coimtervailing  evi- 
dence to  the  position  that  the  clusters  are  accretion  products  from  the 
circulation  is  detailed  in  another  paper  (9)  and  need  not  be  repeated 
here. 

The  aortic  endothelium  produces  not  only  cell-clusters  which  con- 
tribute hemoblasts  and  erythroblasts,  but  single  cells  also  separate 
from  the  endotheUum  in  the  same  manner  as  described  for  the  yolk-sac. 
Such  cdls  may  appear  at  any  point  in  the  wall  of  the  mesonephric 
portion  of  the  aorta,  though  they  are  more  likely  to  be  in  the  ventral 
r^on.  A  group  of  two  cells  appears  in  the  mid-dorsal  line  of  the 
aorta,  subjacent  to  the  notochord.  Figure  7  illustrates  an  endothelial 
cell  along  the  lateral  wall  which  has  roimded  up  centrally  and  has 
assumed  hemoblast  features;  proximally  it  spreads  out  in  deUcate 
processes  for  a  considerable  distance,  and  is  still  continuous  with  the 
endothelium.  Figure  8  represents  an  endothelial  hemoblast  separating 
from  the  dorsal  wall  of  the  aorta.  Figure  9  illustrates  still  another 
method  of  separation;  this  hemoblast  is  directly  continuous  on  one 
side  with  the  endothelium.  In  figure  10  is  shown  a  2-cell  ''cluster" 
of  honoblasts  from  the  lateral  wall  of  the  aorta.    Figure  11  illustrates 
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a  3-cell  group,  located  just  to  the  side  of  the  mid-ventral  line.  This 
group  is  still  partially  attached  dorsally  to  the  endothelium  and  may 
be  regarded  as  a  later  step  in  the  process  of  endothelial  hemoblast 
formation  from  the  yolk-sac  shown  in  figure  4. 

In  figure  12  is  illustrated  a  4-cell  group  from  the  ventro-lateral  wall. 
Three  cells  are  arranged  in  horizontal  series  and  jut  out  directly  into 
the  Imnen  of  the  aorta;  the  three  cells,  moreover,  are  at  successively 
later  stages  of  differentiation.  The  proximal  cell  has  intermediate 
features  between  an  endothelial  cell  and  a  hemoblast  (a);  the  distal 
cell  has  erythroblast  characteristics  and  is  very  similar  to  some  of  the 
adjacent  aortic  erythroblasts  (c).  Close  to  the  proximal  cell  of  this 
group  the  endothdium  is  thickened  and  contains  an  increased  number 
g(  nuclei,  similar  to  the  attached  pole  of  the  multicellular  clusters.  For 
purposes  of  comparison,  both  dimensional  and  structural,  a  few  of  the 
adjacent  cells  of  the  limien  are  shown.  A  series  of  successive  stages 
of  differentiation  is  indicated  by  the  letters  a  to  d;  a  is  a  typical  hemo- 
blast; b,  a  typical  megaloblast;  c,  typical  normoblasts,  and  d,  a  late 
erythroblast  (normoblast)  stage. 

From  the  foregoing  it  seems  clear  that  the  endotheliimi  of  the  aorta 
in  the  mesonephric  portion  may  proliferate  locally  in  the  ventral  or 
latero-ventral  or  even  dorsal  wall,  giving  rise  ventrally  to  cell-clusters 
which  grow  in  size,  the  constituent  cells  of  which  undergo  a  coincident 
differentiation  into  hemoblasts  and  young  erythroblasts.  Similar  cell- 
clusters  of  larger  size  are  nowhere  to  be  found  in  the  yolk-sac  vessels; 
such  are  apparently  not  formed  during  the  yolk-sac  homopoiesis;  this 
fact,  if  countervaUing  evidence  were  needed,  would  sufliciently  dis- 
credit any  interpretation  of  the  aortic  cell-clusters  in  terms  of  masses 
of  hemoblasts  carried  to  the  aorta  by  the  blood  and  caused  to  adhere 
to  the  ventral  wall  by  reason  of  pressure  and  the  adhesive  properties 
of  their  cytoplasm.  Coincident  with  the  production  of  hemoblasts  in  the 
aorta  through  a  cell-cluster  phase,  the  endothelium  of  the  same  portion 
of  the  aorta  at  any  point,  though  more  generally  ventrally,  may  pro- 
duce also,  through  the  transformation  of  individual  endothelial  cells, 
hemoblasts  in  an  exactly  identical  manner  as  above  described  for  the 
vessels  of  the  yolk-sac.  These  two  processes — ^hemoblast  production 
by  endothelial  cell-clusters  and  by  transformation  of  individual  endo- 
thelial cells — are  essentially  similar;  the  difference  involved  is  one  of 
the  degree  of  endothelial  proliferative  and  differentiative  capacity,  not 
one  of  kind.  A  few  of  the  cells  of  the  larger  cluster  appear  to  have  also 
phagocytic  properties. 

The  question  arises  as  to  why  the  hemogenic  activity  of  the  aortic 
endothelium  is  generally  limited  to  the  ventral  area  of  the  mesonephric 
portion.  Why  do  the  larger  clusters  form  only  ventrally?  This 
portion  differs  from  other  portions  in  that  this  is  the  r^on  aloQg  which 
the  larger  ventral  arterial  blood-vessels  to  the  abdominal  viscera 
migrate  caudally  to  their  definitive  location,  the  process  involving  a 
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shifting  of  the  larger  stems  (celiac  artery,  superior  and  inferior  mesen- 
teric arteries)  from  higher  to  lower  ventral  connecting  segmental  twigs. 
This  region  would  seem  to  contain  a  less  highly  differentiated  type  of 
endotheliimi — ^that  is,  one  of  greater  proliferative  capacity,  providing 
thus  for  an  unequal  growth  between  the  dorsal  and  ventral  walls. 
Herein  may  possibly  reside  the  capacity  for  some  of  these  endothelial 
cells  to  differentiate  into  hemoblasts.  If  this  interpretation  is  correct, 
then  the  younger  endothelium  of  the  intra-embryonic  vessels  should 
also  be  able  to  transform  into  hemoblasts.  Such  youngest  type  of 
endothelium  should  be  present  m  the  numerous  small  blood-channels 
in  the  anterior  head  region  next  the  brain. 

ENDOTHELIAL  HEMOGENESIS  IN  INTRAEMBRYONIC  MESENCHYMA. 

Search  for  evidence  in  support  of  this  hypothesis  is  abimdantly 
rewarded.  Figure  13  represents  a  blood-channel  which  has  just 
formed  out  of  the  pericerebral  mesenchyma.  The  lumen  of  the 
channel  still  contains  strands  of  dissolving  mesenchyma.  The  four 
cells  present  represent  four  different  stages  in  the  transformation  of 
a  mesenchyme  cell  into  a  hemoblast,  leading  through  an  endothelial 
cell.  Cell  a  is  still  typically  mesenchjrmal,  but  is  clearly  in  process  of 
transformation  into  an  endothelial  cell,  for  two  of  its  processes  already 
form  portions  of  the  wall  continuous  with  that  portion  formed  by  the 
typical  endothelial  cells  &  and  c.  The  original  endothelial  cell  now 
represented  by  c  and  d  apparently  divided  its  nucleus,  thus  forming  a 
binucleated  cell ;  the  distal  portion  of  this  cell  imderwent  differentiation 
into  a  typical  hemoblast,  while  the  proximal  end  represents  a  transition 
stage  between  a  typical  endothelial  cell  and  a  true  hemoblast.  In  this 
single  section  of  a  small  area,  including  four  nuclei,  the  whole  process 
of  mesenchymal  and  endothelial  hemogenesis  may  be  seen  in  abbre- 
viated form;  and  the  process  is  essentially  identical  with  the  manner 
in  which  mesench}rma  and  endothelium  fimction  hemogenically  in  the 
yolk-sac  wall. 

Figure  14  is  of  a  cross-section  of  a  capillary  vessel  including  a  single 
endothelial  cell,  and  with  a  diameter  just  sufficient  to  accommodate  a 
single  erythrocyte.  Since  this  section  is  from  the  same  vascularizing 
area  as  that  of  figure  13,  the  most  probable  interpretation  that  sug- 
gests itself  is  in  terms  of  cells  c  and  d  of  figure  13.  If  cell  c,  still  con- 
tinuous with  the  general  mesenchjrma,  had  differentiated  into  an 
endothelial  cell,  and  d  into  an  erythrocyte,  we  would  have  exactly 
the  condition  shown  in  figure  14.  The  endothelial  wall  here  is  still 
continuous  with  the  mesenchjrma,  as  shown  by  the  strands  of  proto- 
plasm at  the  upper  pole.  If  the  cytoplasm  immediately  enveloping 
the  second  nucleus  of  an  originally  binucleated  cell  differentiated  into 
hemoglobin-containing  protoplasm  and  thus  into  an  erythrocyte,  while 
the  more  peripheral  cytoplasm  remaining  in  functional  association  with 
the  second  nucleus  differentiated  into  endothelial  protoplasm,  the 
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actual  condition  represented  would  be  realixed.  A  similar  ccmiplex 
of  erythrocyte  and  encapsulating  endothelium  has  been  seen  also  in 
a  larger  endothelium-lined  vascular  space. 

In  figure  15  is  shown  a  hemobUst  separating  from,  but  still  in  cyto- 
plasmic continuity  with,  the  endothelium  of  a  small  pericer^ral  blood- 
space. 

The  suggestion  has  been  made  that  what  is  interpreted  as  an  endothe- 
lial cell  rounding  up  and  differentiating  into  a  hemoblast  is  in  reality 
only  an  endothelial  cell  in  preparation  for  mitosis.  This  is  a  {dausible 
objection  to  the  interpretation  above  given  and  must  be  met.  I  have 
studied  many  dividing  endothelial  cells  in  the  perioerebral  meeenchyma 
with  this  point  in  mind.  It  is  a  fact  that  both  mesenchymal  and  endo- 
thelial cells  acquire  a  deeper-staining  cytoplasm  just  before  mitosis; 
but  a  mesenchymal  cell  divides  without  rounding  up  and  has  a  rela- 
tively smaller  nucleus  and  a  less  coarse  and  chromatic  nuclear  reticulum; 
moreover,  the  cytoplasm  invariably  has  a  slightly  less  deep-6taining 
reaction.  In  these  preparations  the  color  of  the  dividing  mesenchymal 
cell  is  a  deep  pink,  that  of  the  differentiating  hemoblast  a  brownish 
or  bluish  red.  The  same  color  difference  obtains  between  the  dividing 
and  the  hemogenic  endothelial  cell.  Moreover^  the  intravascularly 
dividing  endothelial  cell  contracts  only  relatively  sli^tly^  thus  becom- 
ing a  more  or  less  stout  spindle-shaped  cell  (figs.  16  and  18),  but  does 
not  round  up  in  typical  hemoblast  fashion.  In  figure  18  is  shown  a 
long  dividing  endothelial  cell  at  the  late  anaphase  stage;  this  more 
probably  represents  a  lateral  sprout  from  the  main  vessel  which  is  cut 
in  cross^«ection,  but  it  shows  the  typical  stout-spindle  character  of  the 
dividing  endothelial  cell  in  contrast  to  the  shorter  and  more  spheroidal 
condition  of  the  differentiating  endothelial  hemoblast. 

The  endothelium  of  these  pericerebral  vascular  channels  has  con- 
siderable proliferative  capacity,  both  internal  and  external  (fig.  17). 
Extravascularly  dividing  endothelial  cells  round  up  more  like  hemo- 
blasts  and  may  indeed  be  progenitors  of  extravascular  hemoblasts;  but 
certain  minor  morphologic  differential  characters  suggest  that  we  may 
here  be  possibly  dealing  with  simply  slightly  modified  proliferating 
mesenchyma. 

It  appears,  then,  that  young  endothelium,  whether  in  the  yolk-sac, 
ventral  area  of  the  mesonephric  portion  of  the  aorta,  or  in  the  intra- 
embryonic  mesenchyma  (pericerebral),  fimctions  in  the  formation  of 
hemoblasts,  and  in  an  essentially  similar  fashion.^ 

^The  following  recent  observations  have  a  special  bearing  upon  this  point:  Huntington  (Amer. 
Jour.  Anat.,  vol.  16,  p.  290,  1916)  records  for  certain  mammalian  embiyos  that  "other  red  cells 
develop  by  the  direct  transformation  of  the  border  endothelial  cells  lining  the  early  lymphatic 
spaces.'*  Reagan  (Anat.  Rec.,  vol.  10,  p.  Ill,  1915)  states  that  in  "chemically  treated  teleost 
embiyos"  (FundtduB  heUrocliitu),  "both  the  endocardium  and  myocardium  have  in  this  region 
become  completely  transformed  into  strongly  eoeinophilous  ery throUasts."  Certain  investigaton 
have  described  peculiar  mesodermal  "fiber  cells"  in  Limultu  and  in  aiders  and  scorpions  i^ch 
on  the  one  hand  transform  into  striped  muscle,  and  on  the  other  into  "a  special  type  of  bkod- 
oorpusde"  or  perhaps  true  blood-cells.  (Patten,  The  Evolution  of  the  Vertebrates  and  their  Kin, 
p.  235.) 
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From  the  above  there  seemed  to  be  indicated  a  hemogenio  capacity 
also  on  the  part  of  the  endothelium  of  the  mesonephric  glomerulus. 
This  region  was  carefully  studied.  But  there  is  apparently  no  intra- 
vascular differentiation  of  endothelium  into  hemoblasts.  An  occa- 
sional cell  has  the  appearance  of  being  at  an  early  phase  of  separation 
from  the  vascular  endotheliiun;  but  in  consequence  of  the  irregularity 
of  the  plane  of  section,  due  to  the  delicate  nature  and  the  contorted 
condition  of  the  glomerular  capillaries,  a  confident  interpretation  seems 
imiK)e8ible.  The  normal  hemogenic  capacity  of  the  glomerular  endo- 
thelium is  certainly  very  meager,  if  not  actually  nil. 

In  an  earlier  paper  (s)  I  stated  the  conclusion  that  in  the  pig  embryo 
the  glomerular  endotheliiun  liberated  cellular  elements  (hemoblasts) 
extravascularly.  Study  of  the  sections  of  the  mongoose  embryo  (of 
relatively  youngs  stages  of  development)  compels  a  revision  of  this 
conclusion.  In  the  mongoose  embryo  the  visceral  layer  of  the  Bow- 
man's capsule  of  the  mesonephric  tubule,  while  closely  applied  to  the 
glomerulus,  is  nevertheless  easily  distinguishable  from  the  endothelium 
of  the  glomerular  capillaries.  The  endothelial  cells  are  flat  plates;  the 
cells  of  the  capsule  are  cuboidal  or  pyriform  in  shape.  An  occasional 
cell  appears  between  the  two  layers.  This  may  be  an  endothelial  cell 
separating  extravascularly,  but  such  interpretation  must  remain 
micertain. 

In  the  pig  embryo  the  capsular  epithelium  is  still  more  closely 
applied  to  the  glomerulus,  and  the  cells  of  both  layers  are  very  similarly 
flattened.  Generally  the  endothelial  nucleus  is  more  vesicular  than 
that  of  the  capsule  cell.  The  cells  of  the  capsule  are  frequently 
rounded  up  and  appear  to  be  in  early  stages  of  separation.  These  are 
the  cells  which  I  interpreted  as  endothelial  elements  separating  extra- 
vascularly; but  in  the  light  of  conditions  in  the  mongoose  embryos, 
this  conclusion  does  not  seem  warranted.  In  the  mongoose  embryo 
the  vascular  endothelium  of  the  mesonephric  glomerulus  is  apparently 
hemogenically  inactive;  but  the  presence  of  the  pyriform  cells  in  the 
capsular  membrane  (fig.  22),  certain  of  which  remain  attached  by  the 
merest  thread  of  protoplasm — coupled  with  the  fact  of  an  occasional 
free  cell  within  the  lumen  of  the  capsular  portion  of  the  mesonephric 
tubule — suggests  that  certain  of  these  cells  may  separate  in  the  embryo 
to  become  macrophages.  A  similar  process  is  described  by  Mallory 
in  the  case  of  certain  infections  of  the  human  kidney  (e.  g.y  acute 
capsular  glomerulo-nephritis). 

It  is  probably  incorrect  to  regard  the  endothelium  of  the  mesonephric 
glomerular  capillaries  as  ^'embryonic''  and  relatively  undifferentiated. 
This  endothelium  has  to  perform  a  specialized  secretion  process  in 
connection  with  the  nq)hric  function  of  the  mesonephros.  This  may 
explain  the  inability  normally  to  produce  hemoblasts.  On  the  other 
hand,  the  capsular  portion  of  the  tubule  plays  a  lesser  r61e  in  this  secre- 
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tory  process,  and  in  the  mongoose  embryo  is  relatively  much  less  hi^y 
differentiate,  as  indicated  by  the  still  cuboidal  character  of  its  epithe- 
lium. This  fact,  in  view  of  the  mesenchymal  origin  of  this  portion  of 
the  tubule,  may  underlie  the  possibility  of  a  capsular  cell  to  separate 
from  its  epitheUum  and  become  a  free  intratubular  element,  perhi^ 
a  macrophage. 

CELL-CLUSTERS  OF  THE  PERICARDIUM. 

In  view  of  what  was  said  above,  regarding  the  close  primary  relation- 
ship between  mesenchyme,  endothelium,  and  mesothelium,  it  seemed 
reasonable  to  expect  that  mesothelium  also  might  to  some  extent 
differentiate  hemoblasts,  possibly  leucoblasts.  Careful  examination 
of  the  pericardiiun  reveals  patches  of  proliferating  and  differentiating 
mesothelial  cells  (fig.  19)  very  similar  to  the  cell-clusters  described  for 
the  aorta  (compare  figs.  6  and  19).  These  clusters  appear  both  on 
the  visceral  and  parietal  pericardium;  and  groups  of  similar  cells 
(syncytia)  occur  aJso  in  the  pericardial  cavity  (fig.  21).  The  latter 
most  probably  are  separated  portions  of  the  pericardial  cell-clusters. 
Also,  single  cells  may  apparently  separate  (fig.  20)  in  a  manner  very 
similar  to  that  described  for  the  aortic  endothelium.  All  of  these  cells 
derived  from  the  pericardium  again  have  many  features  in  comm<m 
with  hemoblasts.  It  seems  quite  probable  that  in  the  case  of  the  peri- 
cardium we  are  dealing  with  sources  of  extravascular  hemoblasts 
(leucoblasts)  from  the  coelomic  epithelium.  In  the  adult  it  is  known 
that  phagocytic  leucocytes  (macrophages)  may  arise  from  the  peri- 
toneum, and  the  same  condition  may  well  prevail  also  in  the  embryo. 
In  certain  experimentally  produced  teleost  hybrids  Reagan  (is)  also 
describes  the  transformation  of  mesothelium  into  erythrocytes. 

DISCUSSION. 

The  mesenchyma  is  a  fundamental  hemogenic  tissue.  Among  its 
proximate  differentiation  products  are  endothelium  and  mesothelium. 
These  represent  originally  mechanical  rather  than  functional  differen- 
tiation products.  As  such  they  might  be  expected  to  have  retained 
the  original  differentiative  capacity  of  the  parent  mesenchyma.  The 
histologic  facts  above  outlined  seem  to  prove  that  such  is  actually  the 
case.  All  the  facts  detailed  are  perfectly  consistent  with  this  inter- 
pretation. 

The  possibility  of  origin  of  hemoblasts  from  endotheUum  has  become 
associated  with  the  monophyletic  theory  of  blood-cell  origin  and  con- 
tradicts the  idea  of  strict  specificity  of  endothelium  demanded  by  the 
angioblast  theory  of  intra-embryonic  vascularization  of  His.  The  op- 
posed ideas  of  the  origin  and  genetic  relationship  of  the  erythrocytes 
and  the  leucocytes  are  expressed  in  the  monophyletic  and  diphyletic 
(polyphyletic)  theories.    It  needs  to  be  emphasizcKi  that  the  formulated 
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processes  are  still  largely  in  theory.  The  bulk  of  the  best  evidence, 
however,  seems  to  be  in  favor  of  a  monophyletic  genetic  method.  The 
above  observations  are  in  accord  with,  and  in  a  d^ree  a  support  to, 
the  monophyletic  theory.  The  evidence  shows  that  yoimg  endothe- 
lium and  mesothelium  are  only  slightly  altered  (mechanically)  mesen- 
chyma,  and  that  the  two  tissues  may  in  early  stages  give  rise  to 
hemoblasts.  In  the  yoimg  embryo  these  hemoblasts  differentiate  into 
erythrocytes.  The  primitive  leucocyte  ("lymphocyte")  is  represented 
by  this  hemoblast;  in  later  stages  this  hemoblast  (leucoblast)  may 
differentiate  into  the  various  types  of  granulocytes. 

The  monophyletic  theory  rests,  then,  essentially  upon  these  three 
facts:  (1)  the  origin  of  the  early  hemoblast  from  mesenchyme,  now 
no  longer  disputed;  (2)  the  differentiation  of  these  hemoblasts  into 
erythrocytes,  also  no  longer  disputed;  (3)  the  identity,  inferred  from 
a  very  close  structural  similarity,  of  hemoblast  and  lymphocyte,  which 
latter  is  regarded  as  the  progenitor  of  the  granulocytes.  The  third 
point  is  the  one  on  which  the  discussion  and  dissension  center.  Gnmt- 
ing  the  verity  of  the  third  point,  it  follows  that  the  primitive  leucocytes 
appear  before  the  erythrocytes.  Such  an  ontogenetic  sequence  is  in 
accord  with  the  principle  of  progressive  differentiation  and  with  the 
phylogenetic  history — a  very  significant  fact. 

The  sharpest  attack  upon  the  monophyletic  theory  of  recent  years 
has  been  made  by  Stockard  (21),  on  the  basis  of  his  observations  on 
Fvndidus  embryos;  but  his  more  definite  and  positive  facts,  namely, 
the  origin  of  the  erythroblasts,  "leucoblasts,"  and  endothelium  from 
mesenchyma  as  seen  in  the  Uving  embryo  are  actually  in  accord  with 
the  mcmophyletic  theory  and  furnish  strong  additional  support.  The 
observation  upon  which  he  takes  foothold  to  laimch  his  attack,  namely, 
the  segregation  of  erythropoietic  and  leucopoietic  foci,  is  open  to  the 
criticism  of  misinterpretation  with  respect  to  the  latter.  At  any  rate, 
his  illustrations  of  primitive  ''leucocytes"  do  not  inspire  confidence; 
the  karyorrhexis  shown  would  alone  make  one  suspicious  of  degenera- 
tive phenomena,  and  their  general  appearance  raises  the  question 
whether  they  are  not  actually  (as  also  Reagan  (le)  suggests)  degenera- 
ting erythroblasts  suffering  nuclear  changes  and  hemolysis. 

ADDENDUM. 

The  above  was  ready  for  publication  in  essentially  the  form  here 
given  early  in  March  1916.  Meanwhile  Emmel  published  a  detailed 
description  of  the  aortic  cell-clusters  in  pig  embryos  (Amer.  Jour. 
Anat.,  vol.  19,  3,  1916)  and  annoimced  the  publication  of  a  paper 
''Concerning  certain  cellular  elements  in  the  coelomic  cavities  and 
mesenchyma  of  mammalian  embryos"  (Amer.  Jour.  Anat.,  in  press 
for  vol.  19).  After  reading  the  fii^t  of  these  papers  it  seemed  to  me 
better  to  note  and  discuss  them  in  an  addendiun  than  to  rewrite 
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my  article  on  mongoose  hemogenens  and  attempt  an  incorporation  of 
this  discussion  in  the  body  of  a  revised  paper.  A  glance  at  our  iUus- 
trations  shows  the  essential  identity  of  our  observations;  and  this 
point  is  emphasised  by  a  comparison  of  our  descriptions,  afta*  allow- 
ance is  made  for  differences  in  form  and  degree  of  devdq[)m»it.  Our 
independent  observations  are  in  essmtial  agreement,  but  our  inter- 
pretations are  wide  apart.  The  embryonic  derivation  of  cartain  cel- 
lular blood  constituents  from  proliferating  and  metamorphosing  aido- 
theliiun  seems  wdl  established;  as  is  also  the  cnrigin  of  leucocyteJike 
cells  (macrophages?)  in  the  serous  fluids  from  the  mesothdium  of  the 
serous  cavities.  I  incline  to  view  the  whole  process  as  a  normal  hemo- 
genic  phenomenon. 

Emmel  now  adha*es  to  a  pathologic  interpretation,  concluding  that, 
while  vascular  endotheliiun  may  not  imder  normal  ccHiditions  give 
rise  to  cellular  elements  of  the  blood,  ''it  appears  that  in  both  embryo 
and  adult  mammals,  endothelial  tissue  ordinarily  passive  may  under 
certain  abnormal  conditions,  howevar,  assume  proliferative  activities 
contributing  to  the  free  cellular  elements  of  the  circulating  blood''; 
also  that  ''the  partidpation  of  the  mesothelium  in  the  origin  of  macro- 
phages in  the  embryonic  ccelom  is  not  improbably  also  a  reaction  to 
stimulative  conditions  arising  in  part  at  least  through  degeneration 
and  disintergration  of  erythrocytes  and  other  foreign  elements  escaping 
into  these  cavities." 

Enmiel  evidently  labors  under  a  feeling  of  compulsion  to  interpret 
his  findings  in  hi^ony  with  the  original  angioblast  theory,  w^Aah 
denies  participation  of  Uie  vascular  endothelium  in  the  normal  process 
of  the  formation  of  cellular  elements  of  the  blood.  It  may  be  quite 
true  that  abnormal  conditions  of  various  sorts,  experimental  or  patho- 
logic, may  stimulate  the  endotheliiun  to  proliferative  activity,  but 
recognition  of  this  fact  does  not  compel  interpretation  of  all  endothelial 
proliferative  activity  in  terms  of  abnormal  conditions. 

That  certain  abnormal  conditions  do  stimulate  endothelium  to  pro- 
liferation and  desquamation  and  a  coincident  differentiation  proves 
only  that  endothelium  carries  the  inherent  capacity  to  thus  behave. 
Similar  behavior  under  early  embryonic  conditions  may  be  a  perfectly 
normal  process.  This  similarity  between  a  normal  embryonic  process 
and  an  abnormal  later  condition  may  be  simply  an  aspect  of  a  very 
widespread  phenomenon  in  which  a  pathologic  adult  condition  is  an 
abnormally  reawakened  normal  embryonic  condition,  e.  gf.,  developing 
cardiac  muscle  and  hypertrophying  cardiac  muscle,  etc.  A  leiomyoma 
arises  apparently  as  the  result  of  a  normal  differentiation  of  smooth 
muscle-cells  in  an  abnormal  degree.  Tumor  cells  are  generally  believed 
to  be  biologically  of  the  same  nature  as  normal  cells.  The  cell-clusters 
above  described  would,  if  increased  and  enlarged  to  an  abnormal  de- 
gree, produce  a  condition  comparable  to  a  hemangio-endothelioblastoma. 
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Ekomel's  interpretation  of  the  cause  of  the  formation  of  free  meso- 
thelial  derivatives  appears  especially  strained.  Why  may  not  the 
meeothelium  normally  give  rise  to  the  cellular  elements  of  the  serous 
fluids  as  part  of  its  f unction^  by  reason  of  its  close  genetic  relationship 
to  hemogenic  mesenchyma  and  endothelium?  At  one  point  Emmel 
inclines  (p.  402)  to  identify  the  cells  of  the  cell-clusters  of  the  aorta  with 
macrophages,  and  he  ascribes  the  cause  of  their  formation  to  the  pres- 
ence of  possible  toxins  produced  by  the  ''atrophying^'  and  ''degenerat- 
ing" ventral  aortic  vessels  in  close  association  with  which  some  of  the 
cell-chisters  are  found.  This  conclusion  is  based  upon  a  number  of  fun- 
damental uncertainties.  In  the  mongoose  mataial  the  cell-clusters 
consist  of  typical  hemoblasts  (mesamoeboids) ;  this  is  in  agreement 
with  both  Maximow's  findings  for  rabbit  and  Minot's  observations 
on  human  and  rabbit  embryos.  The  endothelial  proliferation  products 
of  the  embryo  need  therefore  not  be  confused  with  macrophages. 
Moreover,  Weidenreich  derives  the  macrophages  of  Metschnikoff  from 
leucocytes,  while  Evans  avers  that  macrophages  and  leucocytes  have 
no  diroct  genetic  relationship.  On  the  other  hand,  many  hematolo- 
psts  derive  the  leucoc3rtes  from  the  common  blood  mother-cell,  the 
hemobUst,  which  may  have  an  endothelial  origin.  A  second  uncer- 
tainty involves  the  manner  of  the  caudal  progression  of  the  celiac, 
the  superior  mesenteric,  and  the  inferior  mesenteric  arteries.  Evans 
inclines  to  explain  the  process  on  the  basis  of  an  unequal  growth 
between  the  dorsal  and  ventral  portion  of  the  abdominal  aorta,  necessi- 
tating thus  a  less  hi^y  differentiated  endothelium  ventrally.  Degen- 
eration of  certain  ventral  vessels  probably  also  occiu*s;  but  coincident 
with  this  atrophy  there  may  be  likewise  a  new  origin  of  vessels  in  the 
formation  of  progressively  lower  connections  with  the  main  ventral 
stems;  and  some  of  the  ceU-clusters  may  be  related  to  the  newer  vessels, 
as  I  believe,  rather  than  to  the  degenerating  vessels,  as  Emmel  believes. 

There  appears  no  valid  reason  why  the  endothelimn  of  the  yolk-sac 
vessels  and  that  of  the  embryonic  vessels  should  function  differently; 
why  in  the  case  of  the  yolk-sac  vessels  the  endothelimn  should  be 
capable  of  metamorphosing  normally  into  hemoblasts,  while  in  the 
intrar^nbryonic  vessels  with  yomig  endothelium  the  stimulative  factor 
to  metamorphosis  should  have  to  be  a  pathologic  one.  If  endothelial 
hemogenesis  in  the  yolk-sac  increased  in  activity  coincident  with  the 
degenerative  processes  of  the  sac,  Emmel's  interpretation  might  be 
more  confidently  accepted ;  but  this  is  precisely  where  it  fails.  Endo- 
thelial hemogenesis  is  most  active  in  the  yolk-sac  of  the  10  to  12  mm. 
embryos  when  hemopoiesis  is  at  its  hei^t  in  these  vessels.  Subse- 
quently it  decreases,  and  by  the  2&-mm.  stage  no  separating  endothelial 
cells  can  be  foimd.  Moreover,  in  the  small  vessels  of  the  pericerebral 
region  endothelial  ceUs  may  occasionally  separate  to  become  intra- 
vascular elements.    In  short,  wherevar  only  slightly  differentiated 
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endothelium  i^peus,  blood  elements  may  originate.  Again,  if  atnior- 
mal  conditions  could  explain  endothelial  proliferation  and  metamor- 
phosis in  embryos,  then  the  experimental  Fundvlue  embryos  of 
Stockard,  in  which  cessation  of  heart-pulsation  produced  stasis  in  the 
blood-vessels,  and  a  consequent  degen^^tion  of  scmie  of  the  included 
cells,  should  show  endothelial  proliferative  activity;  but  according 
to  Stockard  this  endothelium  is  inactive. 

Emmel  lays  much  stress  upon  the  connection  between  certain  ventral 
aortic  clusters  and  intra-arterial  cell-masses.  Vessels  containing  sudi 
masses  are  interpreted  as  ^'degenerating";  but  the  evidence  that  sudi 
are  degenerating  is  unconvincing.  In  a  10-mm.  pig  embryo  cut  in 
transverse  section  I  found  a  large  cluster  attached  to  one  side  of  Uie 
mouth  of  the  superior  mesenteric  artery.  A  similar  condition  prevails 
in  the  &-mm.  mongoose  embryo.  These  vessels  are  not  d^^^^ting; 
if  cut  obliquely  similar  clusters  might  appear  to  be  attached  to  an 
intra-arterial  cell-mass  filling  the  vessel.  Emmel's  section  No.  6 
(p.  419)  is  apparently  obliquely  cut.  The  ' 'intra-arterial  cell-mass'' 
may  be  simply  attached  to  one  side  of  the  mouth  of  the  vessel.  Such 
conditions  occur  in  both  the  mongoose  and  pig  embryo,  where  no  sign 
of  atrophy  appears  in  the  vessel  itself.  On  the  other  hand,  ventral 
branches  which  later  disappear  can  be  seen  free  of  cell-dusters.  In 
short,  neither  the  degeneration  nor  the  occlusion  of  all  aortic  branches 
associated  with  clusters  is  definitely  proved. 

Nevertheless,  certain  aortic  branches  undoubtedly  do  disappear  in 
the  caudal  shifting  of  the  ventral  branches,  and  this  process  may  be 
of  the  nature  of  a  degeneration  which  may  liberate  a  dilute  and  slowly 
acting  toxic  substance  comparable  to  such  substances  as  stimulate 
the  production  of  endothelial  leucocytes  in  certain  pathologic  condi- 
tions, e.  g.j  the  relatively  slightly  virulent  toxins  arising  from  typhoid 
and  tubercle  bacilli.  Then  this  effect  should  either  be  felt  throughout 
the  whole  of  the  abdominal  aorta,  or  there  should  be  a  progressively 
decreasing  effect,  as  indicated  by  the  abundance  of  the  desquamating 
endothelial  elements  from  the  distal  to  the  proximal  (aortic)  portion 
of  these  ventral  rami.  But  neither  of  these  conditions  obtain.  In 
the  older  embryos  the  clusters  and  desquamating  cells  are  practically 
limited  to  the  ventral  wall;  in  the  younger  embryos  (mongoose)  where 
there  are  fewer  atrophying  ventral  rami,  desquamating  cells  can  be 
foimd  in  the  lateral  and  even  the  dorsal  wall,  and  the  ventral  cell- 
clusters  are  small.  The  younger  the  embryo  the  less  differentiated 
the  endothelium.  Moreover,  the  clusters  of  the  older  embryos  are 
near  the  mouths  of  the  vessels,  or  farthest  removed  from  the  site  of 
presumed  intensest  degeneration;  and  numerous  vessels  contain  no 
clusters  at  all. 

In  the  7-mm.  mongoose  embryo  several  occluded  ventral  rami 
appear,  comparaUe  to  Emmel's  figure  7.    The  lumen  of  the  vessel  is 
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completely  fiUed  with  hemoblast-like  cells  similar  to  those  of  the  aortic 
clusters,  many  of  which  show  d^eneration  stages,  principally  a 
karyorrhexis.  But  the  presence  of  these  cells  need  not  be  interpreted 
as  Uie  result  of  the  liberation  of  a  toxin  by  the  atrophying  ramus.  It 
seems  more  reasonable  to  suppose  that  the  ramus  contained  a  cluster 
of  normal  hemoblasts  as  the  result  of  a  normal  hemogenic  capacity 
on  the  part  of  the  endotheUum  of  the  vessel,  which  cluster,  in  conse- 
quence of  the  atrophy  and  coincident  constriction  of  the  vessel,  came 
to  occlude  the  lumen  and  ultimately  to  suffer  a  resultant  degeneration. 
In  other  words,  the  occlusion  of  the  lumen  of  the  vessel  and  the  kary- 
(NThexis  of  the  included  hemoblasts  are  more  probably  secondary  effects 
of  the  atrophy  of  the  ramus  than  that  the  presence  of  the  cells  in  the 
lumen  is  the  result  of  a  toxin  formed  by  the  degeneration  of  the  vessels 
and  the  included  cells  and  operating  as  a  desquamating  stimulant  upon 
the  endothelial  cells  of  the  vessel. 

The  most  damaging  countervailing  evidence,  however,  to  the  inter- 
pretation that  the  endothelial  desquamation  products  are  the  result 
of  the  action  of  toxins  produced  by  degenerating  blood-vessels  and 
blood-cells,  consists  in  the  presence  (in  the  10-mm.  pig  embryo)  of 
aidothelial  cell-clusters  of  hemoblasts,  deep  within  the  superior 
mesenteric  artery  (that  is,  in  the  middle  third  of  its  extent),  a  level 
which  shows  no  other  signs  of  atrophy  or  degeneration  and  which 
suffers  no  subsequent  change  in  a  possible  farther  caudal  progression 
of  the  vessel  to  its  definitive  point  of  attachment  to  the  aorta.  Also  in 
the  mongoose  embryos  and  in  turtle  embryos,  the  endothelium  of  the 
superior  mesenteric  artery  is  especially  active  in  liberatmg  mtravascular 
cellular  elements. 

In  a  study  of  the  aortic  cell-clusters  in  loggerhead-turtle  embryos 
my  attention  was  arrested  by  peculiar  formations  in  the  inferior  vena 
cava  at  the  level  of  fusion  of  the  subcardinal  veins  of  a  specimen  of 
the  twelfth  day  of  incubation.  These  formations  consisted  of  encap- 
sulated spheroidal  masses  of  hemoblast-like  cells,  and  long  strings  of 
honoblasts  attached  to  the  endothelium  and  extending  free  into  the 
lumen  of  the  vessel.  In  the  case  of  the  encapsulated  groups  the 
d^Msule  consists  of  an  endotheUoid  membrane  of  greatly  flattened  cells. 
The  inclosed  cells  are  very  similar  to  those  of  the  naked  cell-clusters  of 
the  aorta  and  the  superior  mesenteric  artery.  The  structure  is  com- 
parable to  Enunel's  figure  5,  which  represents  a  similar  formation  in 
the  aorta  of  a  12  mm.  pig  embryo.  In  one  instance  the  mass  was  con- 
tinuous with  an  underlying  loose  mesenchyma  which  appeared  to  be 
differentiating  into  hemoblasts.  I  incline  to  interpret  this  structure 
in  terms  of  my  figure  5.  If  the  invaginated  area  of  endothelium  had 
included  a  considerable  portion  of  the  subjacent  vascularizing  mesen- 
diyma,  Uien  the  mesenchyma  might  have  outstripped  the  endothelium 
in  the  process  of  differentiating  into  hemoblasts,  and  so  forced,  tlirough 
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pressure,  the  peripheral  endothelial  odb  to  continue  their  furtha 
differentiation  into  definitive  endothelium. 

As  to  the  endothelial  strands  c^  hemoblast-like  oells,  I  incline  to 
an  interpretation  in  acc(mi  with  the  idea  that  slightiy  diff^^mtiated 
endothelium  anywhere  carries  the  capacity  (rf  producing  hemoblasts. 
In  a  footnote  (p.  407)  Emmel  describes  similar  strands  in  the  acurta 
and  the  proximal  portion  of  the  left  mnbilical  artery  in  the  12-mm.  pig 
embryo  which  contained  the  encapsulated  duster,  and  in  a  second 
12-mm.  embryo,  and  suggests  that  they  may  be  aasodated  with  the 
fusion  of  the  two  original  dorsal  aortsB. 

If  one  wishes  to  adhere  to  an  interpretation  of  these  proliferaticm 
products  of  the  aortic  endothelium  in  terms  of  a  toxin,  one  mi^t  locate 
the  soiurce  of  the  toxic  substance  in  the  mesonephroe,  where  degen^a- 
tive  processes  are  initiated  in  the  anterior  portion;  but  such  a  view  is 
again  contradicted  by  the  observation  that  endotiieUal  desquamation 
products  are  practically  lacking  in  the  glomerular  capillaries,  though 
occasionally  present  near  the  aortic  mouth  of  the  afferent  arteriole. 
The  view  that  we  are  dealing  with  a  normal  hemogenic  process  rdated 
to  a  relatively  undifferentiated  condition  of  endothelimn  such  as  would 
seem  to  be  requisite  in  the  ventral  portion  of  the  abdominal  aorta,  to 
permit  of  the  shifting  of  the  celiac,  superior  mesenteric,  and  inferior 
mesenteric  arteries  by  almost  any  reasonably  concdvable  process,  seems 
to  fit  all  the  facts  better  than  the  idea  of  a  toxic  influence  dependent 
upon  a  tissue  degeneration  in  redundant  atrophying  blood-vessels. 

In  a  second  paper  (''Concerning  certain  cellular  elements  in  the 
ccelomic  cavities  and  mesenchyma  of  the  mammalian  embryo,''  Amer. 
Jour.  Anat.,  vol.  20,  1,  1916,  pp.  73-125),  Emmel  describes  the  origin 
of  ''macrophages"  from  the  pericardial  and  peritioneal  mesothelium; 
he  describes  and  illustrates  also  certain  free  cell-masses  in  the  peri- 
cardial cavity  comparable  with  my  illustration  (fig.  21)  in  the  mcmgooee 
embryo.  The  causal  factor  is  again  assumed  to  be  a  toxic  substance, 
in  this  case  liberated  in  part  by  d^enerating  erythrocytes  in  the  coelom. 
But  it  would  seem  quite  as  reasonable  to  regard  this  formation  of 
macrophages  in  the  embryo  as  a  normal  incident  in  the  life  of  the 
embryo. 

In  conclusion,  I  believe  that  a  careful  consideration  of  all  the  facts 
relative  to  EmmeFs  observations  and  my  own,  upon  which  there  is 
essential  agreement,  more  amply  justifies  the  ccmclusion  that  young, 
relatively  undifferentiated  endotheliiun  and  mesothelium  may  any- 
where in  the  embryo  normally  produce  hemoblasts  (and  macrophages), 
than  that  such  activity  demands  the  operation  of  a  pathologic  factor 
in  the  form  of  a  dilute,  slow-acting  toxin. 
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DESCRIPTION  OF  ILLUSTRATIONS. 


All  the  iUufltrations,  unleas  otherwise  specified,  are  made  from  the  5  mm.  embryo;  the  magni- 
fication is  1.600  diameters,  which  is  reduced  one-third  in  reproduction. 

Fig.  1. — Hemoblasts  from  yolk-sac  Teasels:  a,  typical  spheroidal  type,  with  basophilic  cytoplasm 
and  deep-staining  nucleus;  b.  similar  cell  in  amoeboid  condition;  c  slightly  more  differen- 
tiated type,  with  lighter-staining  nucleus  and  cytoplasm  (young  erythroblast) ;  <f,  binudeated 
hemoblast  differentiated  into  a  young  erythroblast;  e,  giant  cell  (megakaxyocsrte)  with  deeply 
basophilic  cytoplasm  and  irregular,  horseshoe-shaped,  deeply  staining  nucleus. 

FiQ.  2. — Portion  of  yolk-sac  wall,  including  one  large  blood-channel  fillled  with  erythrocytes. 
The  mesothelium  is  shown  on  the  left,  the  entoderm  on  the  right;  a  to  d  designate  successive 
stages  in  the  metamorphosis  of  an  endothelial  cell  into  an  erythrocyte.  The  cell  at  b  has  all 
the  nuclear  and  cytoplasmic  marks  of  a  hemoblast,  but  it  is  still  continuous  with  the  endo- 
thelial wall,  e,  a  very  large  hemoblast,  also  still  continuous  with  the  endothelium  of  the 
vessel. 

Fio.  3. — Hemoblast  just  after  separation  from  the  endothelium. 

Fio.  4. — A  binudeated  elongated  hemoblast,  still  continuous  with  the  endothelium  and  about 
to  divide  amitotically  into  two  hemoblasts.     The  three  large  oeUs  at  the  left  are  entodermal. 

Fio.  5. — Cell-duster  arising  in  latero-ventral  wall  of  mesonephric  portion  of  aorta  through  pro- 
liferation and  differentiation  of  the  endothelium.  The  peripheral  cdls  have  hemoblast 
characteristics.     6  mm.  embryo. 

Fio.  6. — A  similar  small  cluster  from  the  ventro-medial  portion  of  the  aorta.  Proximally  the 
cluster  is  in  syncytial  continuity  with  the  endothelium. 

Figs.  7,  8,  9,  10. — Hemoblasts  differentiating  and  separating  from  the  lateral  wall  of  the  aorta. 

Fig.  11. — A  string  of  three  hemoblasts.  the  cytoplasm  of  which  is  still  in  continuity,  and  which 
have  differentiated  from  the  endothelium  of  the  latero-ventral  wall  of  the  aorta.  The  prox- 
imal hemoblast  is  still  in  continuity  with  the  endothelium.    6  mm.  embryo. 

Fig.  12. — A  string  of  three  hemoblasts  (a)  jutting  from  the  endothelial  wall  into  the  lumen  of 
the  aorta.  Within  the  lumen  are  shown  five  erythrocytes;  6,  young  erythroblast  (megalo- 
blast)  with  finely  granular  slightly  addophilic  cytoplasm ;  c.  normoblasts;  d,  adult  erythrocyte. 
6  mm.  embryo. 

Fig.  13. — Binudeated  hemot^ast  differentiating  from  the  wall  of  a  pericerebral  blood-channd. 
The  proximal  nucleus  and  its  envdoping  cytoplasm  have  endothdial  characteristics,  and 
are  continuous  with  the  endothelium,  which  is  continuous  above  with  the  meaenchyma. 
The  distal  nudeus  and  its  enveloping  cytoplasm  have  hemoblast  charact^istics. 

Fig.  14. — Pericerebral  capillary  with  one  erythrocyte.  This  condition  may  be  conceived  to 
have  arisen  from  a  binudeated  cdl  as  in  figure  13,  in  which  one  nudeus  and  the  periph^al 
portion  of  the  cytoplasm  differentiated  into  endothelium,  the  other  into  an  erythroblast. 

Fig.  15. — Hemoblast  differentiating  from  the  endothelial  wall  of  a  pericerebral  vascular  space. 

Fig.  16. — Pericerebral  blood-vessel  in  which  an  endothelial  cdl  is  dividing  internally  by  mitosis. 

Fig.  17. — Pericerebral  blood-vessel  upon  which  an  endothelial  (meeenchymal)  cell  is  dividing 
externally  by  mitosis. 

Fig.  18. — Pericerebral  blood-vessd  in  cross-section  (containing  an  erythrocyte)  frc«n  one  point 
of  which  is  sprouting  a  lateral  vascular  twig.  The  sprouting  endothelial  cell  is  at  a  late 
anaphase  of  division.     6  mm.  embryo. 

Fig.  19. — Cell-duster  of  the  atrial  visceral  pericardium.  These  dusters  are  similar  to  thoee  of 
the  aorta,  the  constituent  cdls  induding  some  with  hemoblast  charact^stics. 

Fig.  20. — Hemoblast-like  cell  separating  from  the  meeothdial  layer  of  the  aortic  bulb. 

Fig.  21. — Free  cell-duster  from  the  pericardial  cavity. 

Fig.  22. — Portion  of  visceral  layer  of  capsule  of  meeonepheric  glomerulus,  showing  cells  in  process 
of  separation. 
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EMBRYONIC  HISTORY  OF  THE  GERM-CELLS  OF  THE 
LOGGERHEAD  TURTLE  (CARETTA  CARETTA). 


Bt  H.  E.  Jordan. 


INTRODUCTION. 

The  wide  discrepancies  in  the  published  accounts  of  the  origin  and 
early  history  of  the  germ-cells  in  vertebrates  provided  the  stimulus 
for  the  inception  and  prosecution  of  this  investigation.  Thus  Wal- 
deyer  (1870)  described  in  the  4-day  chick  embryo  the  differentiation 
of  germ-cells  from  the  mesothelium  covering  the  mesonephros.  This 
portion  of  the  ccelomic  epithelium  he  designated  ^'germinal  epithelium/' 
The  theory  of  germ-cell  origin  from  the  mesothelium  of  the  genital 
ridge  early  received  the  indorsement  of  Semper  (1875).  Semon  (1887) 
also  claimed  to  have  seen  a  number  of  cells  undergoing  metamorphosis 
from  '^germinal  epithelium"  into  germ-cells.  This  theory  still  forms 
the  basis  of  the  almost  universal  text-book  account,  and  claims  adher* 
ents  anumg  very  recent  investigators,  e.  g.,  Gatenby  (1916). 

In  1880,  Nussbaum,  on  the  basis  of  observations  on  trout  and  frog 
embryos,  advanced  a  rival  theory  which  maintained  a  direct  blasto- 
meric  origin  of  the  germ-cells  and  an  extra-regional  segregation  until 
rdatively  late  stages  in  the  histogenesis  of  the  sexual  gland.  The 
central  idea  of  this  theory  was  later  (1886)  generalized  in  Weismann's 
hypothesis  of  ''the  continuity  of  the  germ-plasm." 

RQckert  in  1888  described  the  origin  of  the  ''primordial  germ-cells" 
from  a  portion  of  the  segmental  mesoderm,  the  so-called  "gonotome." 
Minot  (1894)  analyzed  the  available  evidence,  but  adjudged  it  inade- 
quate to  support  this  novel  hjrpothesis. 

In  1892  Ho£fman  published  new  evidence,  derived  from  a  study  of 
the  embryos  of  various  birds,  in  support  of  Nussbaum's  theory  of 
a  germinal  path  ("Keimbahn")  in  vertebrates.  He  developed  further 
the  idea  that  the  germ-cells  are  early  segregated  as  independent  ele- 
ments, sui  generisj  and  that  these  find  their  way  from  among  the  cells 
of  the  entoderm  to  the  coelomic  epithelium  covering  the  genital  ridge. 
An  increasing  number  of  investigators  (e.  g.j  Eigenmann,  1892;  Woods, 
1902;  Men,  1906,  1907,  1911;  Swift,  1914,  1915,  1916)  are  adding 
evidence  in  extension  of  Hoffman's  observations  and  in  accord  with 
the  segregation  theory  of  Nussbaum. 

In  the  chick.  Swift  (1914)  traces  the  origin  of  the  germ-cells  back 
to  the  entoderm^  in  a  peripheral  crescentic  area  in  the  proamniotic 
region  of  the  primitiveHstrcAk  stage,  from  whence  they  are  described 
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as  migrating  by  way  of  developing  blood-channels  to  the  splanchno- 
pleure  and  thence,  by  amoeboid  activity,  to  the  primitive  gonads. 

In  the  lisard  Laceiia  agilis,  von  Berenberg-Gossler  (1914)  follows 
the  origin  of  the  so-called  ^'primordial  germ-ceUs''  ('^entodermal 
wandering  cells" — Danchakoff,  1908)  to  the  entoderm  of  the  open  gut; 
but  he  denies  for  them  a  direct  genetic  relationship  to  the  definitive 
germ-cells,  and  regards  the  whole  process  as  a  late  phase  of  mesoderm 
derivation  from  entoderm  contributing  largely  to  the  formation  of  the 
mesonephric  (WolfiSan)  duct. 

Still  others  {e.  g.,  Felix,  1906,  1911;  Dustin,  1910;  Firket,  1914) 
admit  the  occmrence  of  primordial  germ-cells  in  the  entoderm  and 
their  migration  in  part  to  the  developing  genital  gland,  but  attribute 
to  this  process  only  a  phylogenetic  significance,  an  ontogenetic  remi- 
niscence of  an  earlier  phylogenetic  experience;  and  they  claim  that 
these  primitive  sexual  elements  early  degenerate  and  are  replaced  by 
secondary  sex-cells  which  are  differentiated  from  the  mesothelium 
of  the  genital  ridge. 

In  view  of  these  discordant  conclusions  it  seemed  desirable  that  the 
scope  of  these  investigations  should  be  extended  to  include  many  more 
vertebrate  forms  and  additional  workers.  Among  the  whole  group  of 
investigators  Swift  was  the  first  to  describe,  or  even  to  suggest,  a 
vascular  route  of  early  migration.  Von  Berenberg-Gossler  (1914) 
confirms  this  point  for  chick  and  for  duck.  The  possibility  seemed  to 
remain,  however,  that  these  intravascular  so-called  genital-cells  might 
indeed  be  only  a  type  of  blood-cell  progenitor,  perhaps  a  hypertro- 
phied  hemoblast.  With  this  possibility  in  mind,  suggested  also  by 
Minot's  earlier  tentative  interpretation  (1894)  of  these  cells  as  ele- 
ments enlarged  in  preparation  for  mitosis,  and  the  later  claim  of  Wini- 
warter and  Sainmont  (1909)  that  they  are  hypertrophied  mesoderm- 
cells,  the  work  on  the  loggerhead  turtle  embryos  was  planned. 

It  may  be  added  also  that  my  previous  study  of  tlie  early  history 
of  the  female  germ-cells  of  the  stiufish  Aeteriae  forhem  (1908)  had  led 
me  to  the  conclusion  that  in  this  form  the  germ-cells  most  probably 
arose  by  differentiation  from  the  peritoneal  e^Hthelium,  and  so  inclined 
me  to  a  belief  in  the  essential  accuracy  and  general  applicability  of 
Waldeyer's  original  theory.  But  a  steadily  augmenting  body  of 
cytologic  and  genetic  data  would  seem  to  demand  a  continuous  '^germ- 
plasm,"  which  demand  does  not  appear  to  be  met  by  a  derivation  of 
germ-cells  from  already  differentiated  soma-cells. 

MATERIAL  AND  METHODS. 

The  first  essential  requisite  was  a  complete  series  of  embryos.  The 
second  requisite  was  a  favorable  staining  technic,  such  as  would  clearly 
differentiate  the  primordial  germ-cells  at  all  stages  of  tlieir  early  his- 
tory; which  condition  was  in  turn  dq)endait  upon  the  emplo3rment 
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of  such  a  fixative  as  faithfully  preserved  differential  structural  charac- 
teristics. 

The  material  embraced  in  this  investigation,  selected  from  a  large 
stock  supply,  included  embryos  from  the  second  to  the  thirty-second 
day  of  incubation,  distributed,  preserved,  and  stained  as  follows: 
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The  sections  were  cut  at  from  5  to  10  microns. 
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Iron-hematoxylin. 
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Giemsa. 
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Iron-hematoxylin,  Giemsa,  and 

hematoxylin-eosin. 
Delafield's    hematoxylin;    em- 
bryos stained  in  toto. 
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Iron-hematoxylin. 
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This  material  was  collected  on  Loggerhead  Key,  Tortugas,  Florida, 
in  the  summer  of  1914,  while  at  the  Laboratory  of  the  Department  of 
Marine  Biology  of  the  Carnegie  Institution  of  Washington. 

Three  nests  of  eggs  were  available  for  the  earlier  parts  of  the  series. 
Two  additional  nests  contributed  to  the  later  parts  of  the  series. 
The  difficulties  of  removing  the  early  blastoderm  from  the  yolk  were 
not  successfully  overcome  imtil  the  time  had  passed  for  preserving 
stages  younger  than  the  end  of  the  second  day  (5-somite  stage). 
However,  this  stage  shows  clearly  the  origin  of  the  germ-cells  from 
among  the  yolk-sac  entoderm,  and  the  beginning  of  their  segregation 
into  two  bilateral  cords  near  the  lateral  margin  of  the  area  pellucida  in 
the  caudal  half  of  the  blastoderm ;  and  it  corresponds  closely  with  von 
Berenberg-Gossler's  illustration  (fig.  1)  of  his  yoimgest  lizard  embryo 
(5-8omite  stage). 
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Two  chief  reasons  led  to  the  selection  of  the  loggerhead-turtle  embryo 
for  this  investigation:  (1)  the  poodbility  of  obtaining  a  large  and 
closely  graded  series  of  stages;  the  number  of  eggs  per  nest  is  near  100; 
development  is  comparatively  slow,  the  incubation  period  being  about 
8  weeks;  (2)  I  had  already  familiarised  myself  in  previous  works  with 
the  embryonic  blood-cells  of  certain  CheUmia  (1913)  and  also  with  the 
male  germ-cells  in  a  study  of  the  spermatogenesis  of  several  species 
of  turtles  (1914). 

The  object  in  using  Helly's  fluid  as  a  fixative  almost  exclusively  was 
to  preserve  the  cytoplasmic  gr^ules,  both  albuminoid  and  lipoid, 
that  is,  blood-cell  granules  and  mitochondria,  for  subsequent  differen- 
tial staining  with  the  Giemsa  stain  and  with  iron  hematoxylin.  Paral- 
lel series  were  prepared  with  these  two  stains,  witli  the  expectation 
of  facilitating  the  differentiation  between  hemoblasts  and  gameto- 
blasts.  This  technic  was  very  serviceable,  but  did  not  yield  quite  the 
fine  uniform  results  hoped  for.  As  concerns  the  hemoblasts  and  g^ranu- 
lar  blood-cells  (eosinophiles)  nothing  better  could  have  been  desired; 
but  the  cytoplasmic  contents  of  the  primordial  germ-ceUs  were  only 
indifferently  preserved.  The  fixation  period  should  probably  have 
been  prolonged  for  3  or  4  days  beyond  the  usual  24  hoiurs,  eq)ecially  in 
the  case  of  the  older  embryos.  Only  very  rarely  were  mitochondria 
and  yolk-globules  preserved  in  the  later  stages.  Espedally  in  the 
germ-cells  were  the  yolk  granules  dissolved,  leaving  thus  a  greatly 
vacuolated  and  distorted  cytoplasm.  But  the  Helly's  fluid  and  the 
subsequent  treatment  involved  in  the  paraflSn  technic  had  a  very 
variable  effect  upon  the  yolk-granules  at  different  stages.  The  same 
type  of  cell  mi^t  contain  many  or  only  a  few,  or  no  yolk-granules. 
In  the  latter  case  the  yolk-content  had  been  entirely  dissolved.  Germ- 
cells  of  the  2-day  stage  of  incubation  showed  many  yolk-spherules; 
by  the  fourth  day  no  germ-cells  contained  yolk  after  this  fixation. 
Obviously  the  later  steps  in  yolk  metabolism  were  more  susceptible 
after  Helly's  fixation  to  the  solvent  action  of  the  alcohols  and  oils 
used  in  the  paraffin  technic.  The  yoimg  germ-cells  evidently  contain 
less  readily  soluble  yolk  than  other  cells,  with  the  exception  of  the 
entodermal  cell  of  the  area  opaca.  In  tissues  fixed  with  Helly's 
fluid  and  stained  with  iron-hematoxylin  the  germ-cells  in  early  stages 
therefore  stand  out  clearly  from  among  the  entoderm-cells  of  the  area 
pellucida,  and  accordingly  this  technic  proved  to  be  very  favorable  for 
the  study  of  this  early,  most  important,  stage. 

Some  embryos  of  the  eleventh  and  the  twenty-fifth  day  of  incubation 
were  fortunately  preserved  in  Flemming's  fluid.  It  so  happens  that 
the  1 1-day  stage  of  the  incubation  period  is  crucial  from  the  viewpoint 
of  the  greatest  abimdance  of  primordial  germ-cells  in  the  area  including 
the  closed  hind-gut,  the  mesentery,  and  the  primitive  gonad.  In  tliese 
cells  mitochondria  as  well  as  yolk-granules  are  well  preserved;  and  so 
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also  are  the  granules  of  the  confusing  large  blood  granulocytes.  The 
germ-cdls  m  the  gonads  of  the  25-day  embryo  are  practically  iden- 
tical with  those  of  the  11-day  ^nbryo  in  form  and  sice  and  in  r^^ard 
to  cytc^lasmic  content.  Comparative  study  of  the  11-day  embryo 
fixed  and  stamed  in  the  three  different  ways — (1)  Flemming's  fluid  and 
inm-hematoxylin  stain;  (2)  Helly  and  iron-hematoxylin;  (3)  Helly 
and  Gionsa — revealed  admirably  the  diagnostic  marios  between  the 
germ-cells  and  cells  with  which  they  might  be  confused,  i.  e.,  blood 
granulocytes,  yolk-laden  hemoblasts,  and  yolk-laden  entodermal  cells. 
These  marks  once  established  at  this  stage,  earlier  stages  could  be 
much  more  readily  identified  in  the  Helly-Giemsa  or  Helly-iron-hema- 
taxyVok  material  than  in  the  Flenuning  material,  since  the  most  con- 
fusing and  obscuring  features  were  here  largely  eliminated,  namely, 
the  very  abundant  yolk  globules  and  granules. 

MSCRIPTIVE. 

11-DAY  EMBRYO:  FLEMMING  FIXATION.  IRON-HEMATOXYUN  STAIN. 

In  view  of  what  was  said  above  it  seems  clear  that  the  best  way  of 
approach  to  the  probl^n  was  through  the  11-day  embryo  preserved  in 
Flemming^s  fluid  and  stained  with  iron-hematoxylin.  The  next  step 
involved  a  comparative  study  of  embryos  of  this  same  stage  fixed  with 
Hdly's  fluid  and  stained  respectively  with  the  iron-hematoxylin  and 
the  Giemsa  mixtures.  Thus  the  criteria  for  identifying  the  primordial 
germ-eell  weate  established  and  the  previous  and  later  history  dovld 
then  be  traced  with  comparative  ease. 

This  stage  correspond  closely  with  von  Berenberg-Gossler's  illus- 
tration (fig.  9)  of  a  licard  embryo.  Primordial  germ-cells  are  present 
amcmg  the  oitodenn-cells  of  the  closed  hind-gut  and  in  the  surrounding 
mesmchyma;  in  the  mesentery,  both  in  the  mesenchyma  and  its 
mesothdial  covering;  and  in  the  primitive  genital  gland,  both  among 
the  peritoneal  cells  and  in  the  subjacent  mesenchyma  (see  fig.  2, 
plate  6).  Figure  1,  plate  1,  is  a  composite  drawing  including  the 
several  types  of  cells  with  which  we  are  now  concerned,  all  from  the 
same  immediate  region  of  the  mesentery.  We  may  compare  first  cells 
a  and  6,  a  typical  germ-cell  and  a  typical  eosinophil  granulocyte,  both 
in  the  mesenchyma  of  the  mesentery.  Cell-tjrpe  h  may  appear  at  any 
stage  after  the  second  day  of  incubation  in  any  part  of  the  yolk-sac 
or  embryonal  mesenchyma,  including  the  blood-vessels.  At  first  sight 
it  would  seem  to  correspond  to  what  Swift  described  as  a  primordial 
germ-cell  circulating  in  the  blood-vessels  of  the  young  chick  embryo. 
It  contains  an  attraction  sphere  (t),  a  spherical  deep-staining  chro- 
matic nucleus,  and  abundant  small  spherical  granules  (apparently 
comparable  to  the  granular  mitochondria  of  germ-cdls);  but  the  re- 
semblanoe  is  only  very  superficial  and  no  confusion  need  arise. 
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Cell  a  is  a  typical  primordial  germ-cell.  Ordinarily,  in  the  inactive 
condition,  it  has  an  oval  form,  rather  than  the  more  nearly  spherical 
form  of  the  granulocyte  in  the  same  condition.  Moreover,  it  is 
nearly  twice  the  sixe  of  the  largest  granulocyte.  Its  nucl^is  is  vesicu- 
lar, contains  a  very  characteristic  finely  granular  karyoplasm,  and  stains 
only  very  lightly  in  basic  dyes.  The  radial  disposition  of  the  rows  ot 
oxjrphilic  chromatin  granules  is  striking.  There  is  present  usually 
only  one  large,  very  chromatic,  spherical  or  oval  nucleus;  and  one  (or 
sometimes  several)  much  smaller  chromatic  accessory  nucleoli;  and 
usually  one  (sometimes  several)  pale  plastin  nucleoli.  The  cytoplasm 
is  more  or  less  crowded  with  lai|^  and  smaller  yolk  sph^nles,  staining 
more  or  less  deeply.  It  contains  also  abundant  granular,  hacillary, 
beaded,  and  filiform  mitochondria  (fig.  2a,  plate  1). 

The  granules  of  the  blood  granulocyte,  on  the  contrary,  are  quite 
uniform  in  sixe  and  in  their  deep-staining  quality.  The  nucleus  of  the 
granulocyte  also  is  relatively  smaller,  contains  a  relatively  coarse 
chromatic  net-work,  and  stains  much  more  deeply  as  a  whole  in  basic 
dyes.  In  anticipation  of  what  follows  it  may  here  be  stated  to  advan- 
tage that  primordial  germ-cells  of  earliw  stages,  including  the  2-day 
stage,  are  of  approximately  the  size  of  those  of  the  1 1-day  stage,  only 
occasionally  slightly  smaller.  The  germ-cells  are  therefore  alwajrs 
larger  than  the  largest  granulocyte  (plate  1,  figs,  lb  and  26),  the  largest 
hemoblast  (plate  1,  fig.  Ih),  and  the  largest  ersrthroblast  (plate  1, 
fig.  5).  The  nucleus  of  the  germ-cell  also  is  quite  different  from  that 
of  any  of  the  cells  in  close  proximity  to  which  it  may  be  found — granu- 
locyte (6),  mesothelium  (M),  mesenchyma,  hemoblast  (/i),  erythro- 
blast  (fig.  5),  and  erythrocyte  (plate  1,  fig.  le).  It  resembles  closely 
only  the  young  entodermal  cell,  especially  in  respect  of  its  nud^is, 
from  which  cell  the  germ-cell  can,  however,  be  distinguished  by  critma 
which  will  be  given  below.  Moreover,  the  g^ranulocyte  may  assume 
most  varied  shapes,  at  different  stages  of  amoeboid  progression;  the 
germ-cell,  while  also  capable  of  amoeboid  movement,  becomes  less 
irregularly  modified,  extreme  forms  being  represented  in  figure  3, 
aa,  abf  ac,  plate  1. 

In  the  Helly  fixed  tissue,  stained  with  Giemsa,  the  granules  of  the 
blood  granulocytes  stain  either  blue  or  red,  depending  upon  the 
phase  of  development  of  the  cells.  The  majority  of  the  cells  at  this 
stage  contain  red-staining  granules;  a  few  contain  only  unripe  blue- 
staining  granules;  and  a  certain  number  have  mixed  g^ranules,  including 
all  phases  of  the  ripening  process  of  an  eosinophil  granule.  The 
nucleus  also  stains  a  deep  blue.  The  primordial  germ-cell  of  this 
tissue,  on  the  contrary,  has  a  light  bluish-pink-staining  nucleus,  with 
a  deep  purple  nucleolus.  The  cytoplasm  of  the  germ-cell  is  vacuolated, 
the  vacuoles  being  the  n^ative  of  the  dissolved  yolk-globules;  and  it 
has  a  coarsely  reticular  character  in  consequence,  and  stains  only 
faintly  pink. 
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Already,  from  a  study  of  only  this  stage  of  development,  much 
information  can  be  gained  concerning  the  fact,  route,  and  method  of 
the  migration  of  the  germ-cells  from  the  gut  entoderm  to  the  peritoneal 
^ithelium  of  the  gonad.  It  may  be  stated  here  that  at  no  stages 
studied  was  any  primordial  germ-cell,  witli  two  exceptions,  ever  seen 
in  a  blood-vessel.  The  blood-channels  in  this  form  evidently  do  not 
greatly  assist  in  the  transfer  of  the  germ-cells  to  the  sex-gland,  contrary 
to  what  Swift  has  demonstrated  for  the  chick;  nor  has  such  a  route 
been  advocated  for  any  other  form  except  duck  (von  Berenberg- 
Goesler);  but  that  the  cells  do  migrate  is  indicated  by  the  different 
locations  occupied,  progressively  nearer  the  genital  ridge,  corresponding 
with  successively  later  developmental  stages,  and  that  the  migration 
is  the  result  of  an  inherent  amoeboid  capacity  is  shown  by  the  various 
shapes  assumed  by  these  cells  (figs.  3aa,  3a&,  plate  1);  and  the  path 
of  migration  is  quite  clearly  indicated  by  the  pointed  condition  of  the 
forward  end,  combined  with  the  altered  (flattened  and  distorted) 
condition  of  the  cells  Ijdng  directly  in  the  path  of  progression.  For 
instance,  the  primordial  germ-cells  among  the  entodermal  cells  of  the 
closed  hind-gut  in  the  11-day  embryo  are  surroimded  by  entodermal 
cells  which  have  become  crowded,  flattened,  and  distorted  on  either 
side  as  if  through  pressiue  by  a  cell  which  enlarged  and  assumed  a 
spherical  shape  in  situ.  The  similarity  in  structure  and  staining  reac- 
tion betwe^i  the  germ-cells  and  the  entodermal  cells,  a  similarity 
which  becomes  progressively  closer  as  earlier  stages  are  approached, 
seems  to  speak  in  favor  of  an  entodermal  origin  of  the  germ-cells  or  a 
close  genetic  relationship  between  entoderm  and  germ-cells.  When 
the  germ-cell  lies  near  the  basement  membrane  of  the  primitive  gut 
entoderm,  the  cellular  distortion  is  such  as  would  be  caused  by  a  cell 
migrating  from  the  entoderm  into  the  surroimding  mesenchyma. 
Occasionally  a  germ-cell  can  be  seen  partially  within  the  entoderm 
and  partially  within  the  mesenchyma,  an  observation  which  proves 
a  migratory  process;  and  the  manner  of  the  distortion  of  the  mesen- 
chymal cells  shows  that  this  migration  is  in  a  peripheral  direction. 

Within  the  mesenchyma  of  the  gut  and  the  mesentery  the  distortion 
and  flattening  of  the  cells  are  generally  in  the  direction  of  the  root  of 
the  mesentery,  thus  showing  a  migratory  progression  in  that  direction. 
Occasional  cells,  judged  by  this  criterion,  are  moving  towards  the 
mesothelial  layer  of  the  mesentery  (figs.  3  aa,  3  ab,  plate  1) .  Occasional 
cells  are  also  found  among  the  cells  of  the  peritoneal  epithehmn  of  the 
genital  ridge.  In  the  region  of  the  angle  between  the  root  of  the 
mesentery  and  the  gonad,  and  again  within  the  mesenchyma  of  the 
sexual  gland,  the  shape  of  cell  and  the  distortion  of  the  adjacent  mesen- 
chymal nuclei  are  such  as  to  indicate  a  ventro-medial  progression  to 
the  surface  of  the  gonad,  where  the  germ-cells  come  to  rest  among  the 
peritoneal  cells  (fig.  2,  plate  1).  Figure  Sac,  plate  1,  shows  a  germ-cell 
similarly  located,  but  almost  completely  filled  with  a  huge  yolk-mass. 
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The  germ-cdlfl  are  apparently  meet  abundant  at  about  the  11-day 
stage.  This  increase  is  probably  ma^y  aiqaarent,  due  to  the  segrega- 
tion of  the  cells  within  relativdy  more  restricted  and  eonqncuous 
lin;utSy  viz,  gut  and  meeenteary.  During  earli^  stages  (to  the  seventh 
day),  when  the  gut  is  stiU  entirely  open  ov^  the  yolk,  thdr  distribution 
is  scattered  over  a  wider  area ;  also  in  later  stages,  when  they  have  taken 
their  definite  position  within  the  enlarged  gonad.  The  numbtf  of 
germ-cells  in  the  11-day  anbryo,  all  situated  behind  the  level  of  the 
cephalic  tip  of  the  pronephric  duct,  is  approximatdy  400.  Only  an 
occasional  cell  may  be  seen  at  this  stage  in  mitosis.  Similarly,  during 
the  later  stages  mitosis  is  a  very  rare  occurrence.  In  the  stages  of 
2  to  4  days  a  few  of  the  germ-cells  are  in  process  of  division  among 
the  entodermal  cells.  Cells  in  division  are  apparently  of  smaller  sixe 
and  contain  relatively  little  yolk. 

lO-DAY  EMBRYO;  HELLY  FIXATION.  GIEMSA  STAIN. 

In  a  10-day  embryo  the  primordial  germ-cells  are  found  in  about 
the  same  locations;  tiiey  are  slightly  smaller,  but  the  smalls  sirc  is 
only  apparent,  due  to  a  greater  cytoplasmic  shrinkage  in  this  fluid 
(fig.  4a,  plate  1),  in  part  also  very  probably  to  the  loss  of  the  large 
yolk-content.  Moreover,  the  Memming  fluid  may  have  caused  a 
slight  swelling.  The  cytoplasm  is  here  vacuolated  and  coarsely  retic- 
ular, the  result  of  the  solution  of  yolk-granules.  In  figure  4,  a,  b,  c, 
dy  and  e,  plate  1,  are  shown  primordial  germ-ceUs  from  the  gut,  mesen- 
tery, and  peritoneal  epitheliimi  of  this  stage.  For  comparison  a 
blood-granulocyte  (/)  is  added. 

12-DAY  EMBRYO;  HELLY  FIXATION.  IRON-HEMATOXYLIN  STAIN. 

At  the  twelfth  day  the  germ-cells  are  still  scattered  among  the  ento- 
dermal cells  of  the  hind-gut,  in  the  mesentery,  and  in  the  genital  ridge. 
Figure  6a,  plate  1,  is  taken  from  among  the  entodermal  cells  of  the  gut; 
by  from  among  the  mesothelial  cells  of  the  genital  ridge;  c,  from  the 
mesenchyma  of  the  mesentery.  The  adjacent  mesenchymal  cells 
have  become  changed  by  the  pressure  of  the  migrating  cell  into  flat- 
tened encapsulating  elements. 

The  accompanying  chart  shows  the  distribution  of  the  germ-cells 
at  this  stage,  and  their  condition  in  different  locations.  The  total 
number  of  cells  coimted  is  352,  about  equally  divided  between  the 
two  gonads  (118  in  left,  127  in  right).  A  few  cells  are  in  mitosis, 
mostly  situated  among  the  entodermal  cells.  Some  are  in  process  of 
degeneration;  such  are  foimd  chiefly  in  the  mesenchyma  of  the  gut. 
One  cell  is  situated  in  what  appears  to  be  a  vascular  space,  close  to 
the  aorta;  another  is  in  process  of  degeneration  within  a  blood-vessel; 
seven  occur  in  the  periaortic  mesenchyma;  and  four  among  the  neuro- 
blasts of  the  developing  periaortic  sympathetic  ganglia  (fig.  2,  plate  4).^ 

^The  photomicrographs  were  made  by  Mr.  Wm.  S.  Dunn,  Cornell  University  Medical  School 
New  York. 
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The  periaortic  germ-cdls  migrated  dorsally  (perhaps  only  temporarily) 
instead  of  laterally  acrosB  the  ocelomic  angle,  some  apparently  finding 
their  way  into  blood-channels.  The  germ-cells  within  the  gonads  are 
about  equally  divided  between  the  mesothelium  and  the  subjacent 
nie8ench3rma.  The  mesothelium  consists  of  only  a  single  layer  of 
jnifimatac  cdls,  greatly  flattened  where  they  overlie  a  germ-cell. 

Chart  showing  the  diatnbulian  cf  the  germrcelU  in  a  IS-day  embryo. 

The  cells  occur  from  the  level  of  the  open  gut  to  that  of  the  end  of  the  dosed  hind-gut,  from  slides  11  to  16, 
distanee  of  3  mm.     Slides  11  and  12,  a  distance  of  0.8  mm.,  include  the  open  portion  of  the  hind-gut. 
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OLDER  EMBRYOS:  FROM  13  TO  32  DAYS. 

The  13-day  embryo  is  essentially  like  the  one  of  12  days  (figs.  1,  2, 
and  3y  plate  6),  except  that  relatively  fewer  germ-cells  remain  in  the 
gut  and  more  are  found  within  the  gonads.  In  the  16-day  embryo 
(11  mm.  in  length,  from  cephalic  to  caudal  bend)  the  germ-cells  have 
practically  all  migrated  into  the  gonads,  where  they  come  to  rest, 
both  among  the  mesothelial  cells  and  in  the  subjacent  mesenchyma. 
In  the  stouter  mid-portion  of  the  genital  ridge  (future  gonad),  where 
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the  mesenchyma  is  more  extensive,  the  majority  of  the  primordial 
germ-cells  lie  subepithelially;  in  the  cephalic  and  caudal  extremities, 
on  the  contrary,  where  the  mesenchyma  is  sparse,  the  migority  of 
the  germ-cells  lie  in  the  peritoneal  epithelium,  having  pressed  the  col- 
umnar cells  aside  laterally  and  caused  great  flattening  of  the  overly- 
ing cells.  Only  an  occasional  cell  is  found  within  the  gut  and  the 
mesentery.  In  three  slides,  including  60  sections,  through  the  hind- 
gut,  three  germ-cells  were  seen  in  the  mesentery  (one  at  the  gut  end 
and  two  in  the  mid-portion,  all  apparently  in  healthy  condition),  and 
one  in  the  mesenchyma  of  the  gut.  Many  of  the  germ-cells  within 
the  gonads  at  this  stage  have  a  coarsely  granular  nuclear  reticulum 
(fig.  7,  plate  2),  the  granules  staining  deeply,  in  contrast  to  the  pale 
nucleus  with  very  delicate  reticulum  of  the  germ-cells  of  earlia*  stages. 

In  figure  7,  plate  2,  is  illustrated  a  primordial  germ-cell  from  the 
epithelial  laya*  of  the  gonad  of  a  22-day  embryo  (12  mm.  in  length). 
An  occasional  germ-cell  still  occurs  also  in  the  gut  and  in  the  mesentery. 
The  germ-cells  of  this  stage  have  the  same  structure  and  approximatdy 
the  same  size  as  those  from  the  10  to  16  day  periods,  but  relatively 
more  cells  contain  coarsely  granular  nuclei  than  in  the  16-day  stage. 
The  germ-cells  of  the  32-day  stage  are  no  larger  than  those  of  the 
earlia*  periods,  as  shown  in  figure  9,  plate  2,  of  a  cell  taken  from  the 
subepithelial  mesenchyma  of  the  gonad.  In  figure  8,  plate  2,  is  illus- 
trated a  germ-cell  from  the  mesenchyma  of  the  mesentery  of  a  25-day 
embryo.  This  particular  cell,  in  common  with  many  others,  appears 
to  be  encapsulated  by  flattened  mesenchymal-cells.  The  flattening 
of  the  mesenchymal  cells  is  the  result  of  pressure  produced  by  the 
migrating  germ-cell  in  the  direction  of  the  root  of  the  mesentery.  It 
may  be  emphasized  that  the  germ-cell  has  undergone  no  growth  or 
other  striking  structiu*al  alteration  between  the  tenth  and  thirty- 
second  day  of  incubation.  (Compare  figs.  4  and  6,  plate  1,  with  fiig.  9, 
plate  2.)  By  the  sixteenth  day  all  the  germ-cells,  except  a  few  strays, 
have  left  the  gut  and  mesentery  and  are  located  within  the  sexual 
glands.  Also  at  the  25-day  stage  an  occasional  cell  may  still  lag  behind 
in  the  gut  and  mesentery;  and  even  in  the  32-day  embryo  several  cells 
were  seen  in  the  mesenchjona  of  the  gut,  though  these  were  apparently 
in  process  of  degeneration.  The  migration  process  appears  to  be  at 
its  height  from  the  seventh  to  the  sixteenth  days;  but  certain  stray 
cells,  mostly  degenerating,  still  persist  extra-regionally  at  the  thirty- 
second  day. 

In  a  25-day  embryo,  fixed  in  Flemming's  fluid  and  stained  with  iron- 
hematoxylin,  where  the  germ-cells  could  be  more  readily  detected 
because  their  content  of  yolk-globules  was  perfectly  preserved,  3  germ- 
cells  were  seen  (in  4  consecutive  slides,  including  80  sections)  in  the 
root  of  the  mesentery — one  (degenerating)  near  the  gut  end,  one  in  the 
mid-portion,  and  one  (degenerating)  in  the  mesenchjrma  of  the  hind- 
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gut  ventrally.  The  germ-cells  of  the  embryo,  in  contrast  to  all  other 
cells  (except  liver-cells),  still  showed  abimdant  yolk-granules  and  some 
mitochondria. 

The  migration  period  is  obviously  not  sharply  limited,  but  extends 
in  some  d^ree  through  half  the  incubation  period.  Some  germ-cells 
apparently  lag  hopelessly  behind  and  d^enerate,  especially  in  the  gut. 
Tlie  initial  conspicuous  marks  of  d^eneration  relate  to  stages  in  the 
disappearance  of  the  nucleus  either  by  solution  or  karyorrhexis. 

YOUNGER  EMBRYOS;  FROM  9  TO  6  DAYS. 

The  9-day  embryo  (figs.  1  and  2,  plate  5)  differs  from  the  10-day 
embryo  only  in  the  relative  abundance  of  the  germ-cells  at  different 
levels  of  the  migration  route;  the  germ-cells  are  relatively  less  abundant 
in  the  higher  levels  and  in  the  gonads. 

In  figure  10a,  plate  2,  is  illustrated  a  germ-cell  of  an  8-day  embryo 
taken  from  the  splanchnic  mesoderm  at  about  the  mid-region  of  the 
area  pellucida.  It  appears  to  lie  in  a  lacuna,  the  product  of  shrinkage; 
h  is  taken  from  the  mesentery  and  is  closely  enveloped  by  mesenchymal 
cells.  The  latter  germ-cell  has  a  diameter  of  only  about  13  microns; 
Oy  about  16  microns.  For  comparison,  two  hemoblasts  are  included, 
c  and  d.  The  germ-cells  at  this  stage  are  most  abundant  in  the  mesen- 
tery and  in  the  median  portion  of  the  splanchnopleure. 

In  the  7-day  embryo  the  hind-gut  is  open  throughout — ^that  is, 
beyond  the  anterior  tip  of  the  pronephros.  The  mesentery  is  relatively 
very  long  caudally.  Some  germ-ceUs  are  found  among  the  entodermal 
cells  medially,  but  the  majority  are  in  the  long  mesentery,  widely 
scattered,  both  among  the  mesenchymal  and  the  mesothelial  cdls,  and 
in  the  medial  extremity  of  the  visceral  plate  of  mesoderm.  A  few  cells 
are  already  found  within  the  genital  ridge  and  a  few  remain  scattered 
among  the  entodermal  cells  of  the  open  gut.  In  figure  12,  plate  2, 
is  illustrated  a  large  germ-cell  from  among  the  entodermal  cells  of  the 
hind-gut,  at  the  point  of  initial  closure.  The  cytoplasm  contains 
enormous  peripheral  vacuoles  and  is  much  shrunken,  due  to  the  dis- 
solution of  the  yolk-masses  of  the  cell.  Figure  11,  plate  2,  shows  a 
younger  germ-cell  among  the  entoderm-cells  of  the  area  pellucida,  near 
the  mid-line.  The  difference  in  size  of  these  two  cells  (16  microns  and 
20  microns)  might  be  interpreted  to  indicate  a  considerable  growth  of 
the  germ-cells  at  about  the  7-day  stage,  but  it  more  probably  indicates 
merely  a  normal  size  variation,  since  large  germ-cells  appear  already 
at  the  3-day  stage  (10  somites)  (figs.  13,  14,  and  15,  plate  2).  Swift 
(1914)  records  a  variation  in  diameter  of  the  primordial  germ-cdls  in 
the  chick  embryo  of  from  14  to  22  microns,  the  average  being  about  16 
microns.  In  this  embryo  a  few  germ-cells  among  the  entodermal  cells 
of  the  open  gut  and  in  the  mesothelium  of  the  mesentery  are  in  mitosis. 
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The  body  of  the  6-day  embryo  lies  ahnost  flat  upon  the  y<^;  ibe 
gut  is  op^i  behind  the  cephalic  eztrraiity  of  ibe  pronephros.  Only 
at  this  point  is  there  a  mesentery,  and  it  is  very  diort  and  contains  no 
germ-cells.  The  germ-cells  occur  in  both  the  entoderm  and  mesoderm 
of  the  op^i  gut,  the  majority  lying  scattered  in  the  mesoderm  medially; 

YOUNGEST  EMBRYOS;  FROM  2  TO  5  DAYS. 

Towards  the  end  of  the  second  day  of  incubation,  when  5  scmiites 
are  formed,  the  primordial  germ-cells  are  just  becoming  segregated 
within  the  entoderm  of  the  area  pelllucida.  The  cells  now  occur  in 
two  bilateral  cords,  more  or  less  oval  in  transection.  These  cords 
extend  from  just  in  front  of  the  primitive  pit  (neurenteric  canal)  to  the 
caudal  end  of  the  primitive  streak;  they  lie  laterally  in  the  area  pel- 
lucida.  The  germ-cells  are  not  yet  as  closely  aggregated  as  during 
the  following  day.  Cells  can  still  be  found  in  process  of  migration 
from  the  yolk-sac  entoderm  of  the  area  opaca  to  the  entoderm  of  the 
area  pellucida. 

At  the  3-day  stage  (10  somites)  the  cords  of  primordial  germ-cells 
are  more  closely  segregated  and  have  i^parently  moved  sli^tly  more 
medially  (fig.  1,  plate  3).  They  now  extend  from  the  sixth  somite 
to  the  caudal  extremity  of  the  primitive  streak.  These  cords  do  not 
have  a  uniform  diameter  throughout,  but  are  more  or  less  interrupted, 
suggesting  a  segmental  condition,  recalling  the  '^gonotome  thecny" 
of  Rftckert. 

Figure  15,  plate  2,  shows  a  germ-cell  from  among  the  y(^-laden 
entodermal  cells  of  the  area  opaca  of  the  3-day  stage;  an  entoderm- 
cell  nucleus  is  added  at  the  ri^t  (a)  to  show  the  similarity  of  nuclear 
condition  between  the  germ  and  entodermal  cells.  Figure  14,  plate  2, 
shows  a  germ-cell  taken  from  the  area  pellucida.  This  cdl  has  a 
diameter  of  16.5  microns.  Figure  13,  plate  2,  shows  a  similar  cell  in 
process  of  migration  from  among  the  entodermal  cells  of  the  area 
pellucida  into  the  overlying  visceral  layer  of  the  lateral  mesoderm. 
Closely  similar  conditions  appear  also  at  the  2-day  stage* 

The  5-day  stage  (fig.  2,  plate  3,  and  fig.  1,  plate  4)  r^reeents  a 
crucial  epoch  in  the  early  history  of  the  primordial  germ-cells.  The 
gut  is  open  throughout  and  the  embryo  lies  flat  upon  the  yolk.  The 
entodermal  cords  of  germ-cells  have  made  an  intimate  linear  contact 
with  the  visceral  plate  of  the  lateral  mesoderm  (fig.  1,  plate  4),  and  are 
beginning  to  pass  into  the  latter  and  to  migrate  medially.  Tlie  4-day 
stage  shows  transition  conditions  between  those  described  for  the  3  and 
5  day  stages.  Meanwhile  the  angioblast  layer  of  the  visceral  meso- 
derm is  becoming  vascularized,  and  an  occasional  cell  may  become  in- 
closed by,  or  migrate  into,  a  blood-channel,  from  which  it  again  mi^^tes 
into  the  surrounding  mesenchyma  or  possibly  later  degenerates  some- 
wtiere  in  the  blood-vessels. 
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Between  the  first  and  sixth  days,  then,  the  scattered  primordial 
germ-cells  have  become  segregated  from  out  of  the  area  opaca  into  a 
pair  of  bilateral  cords  lying  near  the  lateral  border  of  the  area  pellucida 
in  approximately  the  caudal  half  of  the  embryonic  area  (fig.  1,  plate  3), 
whence  they  pass  at  about  the  foiui^h  to  fifth  days  into  the  visceral 
plate  of  the  lateral  mesoderm  (fig  1,  plate  4),  and  thence  medially 
towards  and  into  the  forming  mesentery  of  the  just-closing  hind-gut 
(fig.  1,  plate  5).  Certain  stray  germ-cells  may  persist  in  any  portion 
of  the  hind-gut  and  its  mesentery  until  about  the  32-day  stage,  at 
which  time  the  final  remnant  largely  deg^ierates,  a  few  possibly  per- 
sisting and  perhaps  furnishing  foci  for  futiu^  neoplastic  growths. 

The  very  close  resemblance  between  the  nuclei  of  the  entodermal 
cells  of  the  area  opaca  and  the  included  germ-cells  seems  to  indicate 
a  very  close  genetic  relationship;  and  their  cytomorphic  features  dis- 
close an  equally  imdifferentiated  condition.  The  only  striking  dif- 
ference between  these  cells  is  one  of  shape;  the  germ-cell  is  oval,  the 
entoderm-cell  very  irr^^ular  and  apparently  in  syncytial  relationship 
with  other  entodermal  cells. 

LITERATURE. 

GERM-CELL  ORIGIN  IN  INVERTEBRATES. 

The  clearest  and  most  striking  case  of  eariy  germ-cell  differentiation 
among  the  invertebrates  is  that  of  Aecaris  megaiocephala,  in  which 
Boveri  (1802)  traced  the  germ-cells  through  the  cleavage  back  to  the 
2-eell  stage.  The  conspicuous  differential  feature  of  this  cell  at  the 
2-cell  stage  (and  to  the  sixth  cleavage)  is  the  maintenance  at  mitosis 
on  the  part  of  one  of  its  daughter-cells  of  the  integrity  of  the  chromo- 
somes in  contrast  with  the  soma-cell,  both  of  whose  daughter-cells 
suffer  a  diminution  of  the  chromatin  at  each  division.  The  germ-cells 
become  segregated  at  the  32-cell  stage  of  cleavage,  after  which  they 
inroduce  only  similar  germ-cells  at  each  division. 

Previously  Balbiani  (1885)  had  succeeded  in  tracing  the  germ-cells 
('' pole-cells")  of  the  dipter  Chironomue  to  an  early  stage  of  differen- 
tiation in  the  segmenting  egg.  '^Pole-cells"  were  first  reported  by 
Robin  in  1862  for  certain  other  Diptera,  and  subsequently  (1863)  also 
by  Weismann  for  Chinmomus.  Hasper  has  quite  recently  (1911) 
identified  one  of  the  first  four  cleavage-cells  as  the  progenitor  of  all  the 
germ-cells  in  Chironomus. 

A  similar  history  was  traced  by  Hacker  for  the  germ-cells  in  Cydaps; 
here  the  germ-cell  progenitor  is  recognizable  at  the  32-cell  stage. 

Hegner  (1909, 1914, 1915)  has  worked  out  very  completely  the  early 
g^m-cell  path  ('^Keimbahn")  in  certain  Diptera  and  in  cluysomelid 
beetles,  where  the  diagnostic  marks  are  a  polar  differential  granular 
cyt<^>la8mie  content,  the  '^  pole-disk,"  constituting  a  geim-oell  determi- 
nant.    In  the  dipter  Mincudar,  Hegner  (1914)  cbecribes  a  segregation 
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of  the  germ-oells  at  the  8-cell  stage,  in  a  number  of  other  cases  at  the 
32-cell  stage. 

The  literature  touching  the  germinal  path  (''  Keimbahn  ")  in  inverte- 
brates is  fully  and  very  ably  reviewed  by  Hegner  in  the  Journal  (A 
Morphology  (vol.  20,  p.  231 ;  vol.  25,  p.  376;  and  vol.  26,  p.  495).  The 
reada*  is  referred  to  these  papers  for  bibliographic  lists. 

GERM-CELL  ORIGIN  IN  VERTEBRATES. 

The  detailed  and  critical  study  of  the  origin  of  the  germ-cells  in 
vertebrates  may  be  said  to  have  begun  with  the  observations  of 
Hoffman  (1893)  on  certain  birds  (including  OaUinula  chlaropw,  Sterna 
paradisea,  and  Hcemotopus  ostralegus),  which  disclosed  primordial  germ- 
cells  in  the  entoderm  and  splanchnic  mesoderm  far  removed  from  the 
site  of  the  future  gonads,  and  before  a  '' germinal  epithelium"  had 
developed  (23-somite  stage). 

The  work  of  Eigenmann  (1892, 1897)  marked  an  epoch  in  this  line 
of  investigation.  He  clearly  demonstrated  the  extra-regional  origin 
of  primordial  germ-cells  in  the  viviparous  teleost  Cymatogaeter  and 
showed  that  they  closely  approximated  the  size  and  appearance  of  the 
fifth-cleavage  blastomeres,  on  the  basis  of  which  he  argued  that  the 
germ-cells  were  segregated  at  the  fifth-cleavage  stage.  An  extra- 
regional  entodermal  origin  of  primordial  germ-cells  has  been  described 
also  by  Dodds  (1910)  in  the  teleost  Lophius. 

In  1904  D'Hollander  described  the  origin  of  the  germ-cells  (odgonia) 
in  the  chick  embryo  of  the  tenth  day  from  epithelial  buds  of  the  peri- 
toneal epithelium,  in  conformity  with  the  earlier  views  of  Waldeyer. 
This  discrepant  observation  is  now  elucidated  by  the  recent  works  of 
Swift  (1915,  1916),  which  show  that  such  buds  do  indeed  occur,  but 
that  they  include^  but  do  not  originate,  primordial  germ-cdls.  The 
latter  have  an  extra-regional  origin. 

Beard  in  1904  described  the  extra-regional  origin  of  primordial  germ- 
cells  also  in  the  skate  Raja  batis.  These  cells  are  said  to  arise  in  the 
anterior  portion  of  the  embryonic  shield  and  to  migrate  along  a  very 
definite  route  to  the  gut  entoderm,  thence  through  the  splanchnic 
mesoderm  to  the  future  gonad.  A  very  similar  later  history  has  been 
described  by  Woods  (1902)  also  for  the  dog-fish,  Squalus  acanthias. 

Beard  and  Eigenmann  agree  that  the  germ-cells  do  not  divide  for  a 
long  period  in  the  early  development  of  the  embryo,  that  the  original 
nimiber  remains  constant  except  for  a  slight  diminution  due  to  degen- 
eration, and  that  a  few  may  become  stranded  in  the  migratory  process 
in  locations  outside  of  the  genital  glands. 

The  most  detailed  and  satisfactory  study  of  the  germ-cells  in  the 
chick  has  been  made  by  Swift  (1914,  1915,  1916)  with  the  aid  of 
mitochondrial  technics.  He  describes  the  origin  of  the  jHimordial 
germ-cells  in  a  crescentic  antero-lateral  area  from  germ-wall  entoderm 
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at  the  margin  of  the  area  pellucida,  during  the  primitive-streak  stage 
and  until  3  somites  are  formed  (23-hom-  stage).  The  cells  by  amoeboid 
activity  enter  the  blood-spaces  of  the  mesoderm,  which  subsequently 
grows  into  this  portion  of  the  primitive  proamniotic  area,  and  are  then 
carried  to  all  parts  of  the  embryo  and  the  vascular  area.  The  germ- 
cells  remain  widely  distributed  in  this  way  until  about  the  time  when 
the  embryo  has  20  somites.  Numbers  of  those  in  vascular  channels 
are  said  to  undergo  mitotic  division,  while  some  su£fer  degeneration. 
The  germ-cells  remain  scattered  throughout  the  blood-vessels  until 
about  the  22-6omite  (44-hour)  stage,  only  a  few  cells  appearing  in  the 
splanchnic  mesoderm.  At  the  23  to  25  somite  (50-hour)  stages  the 
majority  of  the  germ-cells  have  escaped  from  the  blood-vessels  and  are 
now  found  almost  exclusively  in  the  tissue  of  the  splanchnic  mesoderm 
near  the  coelomic  angle.  After  the  25-somite  stage  no  germ-cells  remain 
in  the  blood-vessels.  In  embryos  of  from  30  to  33  somites  (60  to  72 
hours)  the  primordial  germ-cells  have  migrated  to  the  root  of  the 
mesentery  and  into  the  coelomic  epithelimn  on  both  sides  of  the 
coelomic  angle.  Here  they  remain  until  the  formation  of  the  gonad 
hepi^f  when  they  gradually  pass  into  that  organ  and  become  the 
oOgonia  and  the  spermogonia  of  the  ovary  and  testes  respectively. 

Swift  describes  also  a  very  prominent  attraction-sphere,  persisting 
without  change  from  the  origin  of  the  germ-cell  to  its  entrance  into  the 
gonad,  and  he  uses  this  mark  as  the  chief  character  for  differentiating 
between  germ-cells  and  adjacent  elements.  Such  a  uniform  and 
conspicuous  criterion  was  lacking  in  the  loggerhead-turtle  embryo  and 
could  not  be  employed  in  the  identification  of  the  germ-cells. 

Others  of  the  more  recent  workers  with  chick  embryos  include 
Nussbamn  (1901),  Rubaschkin  (1907),  and  von  Berenberg-Gossler 
(1912).  These  investigators  agree  in  finding  primordial  germ-cells  in 
the  entoderm  and  splanchnic  mesoderm  lateral  to  the  coelomic  angle  in 
embryos  of  about  22  somites.  In  a  more  recent  paper  von  Berenberg- 
Gossler  (1915)  confirms  Swift  in  his  observations  that  primordial  germ- 
cells  appear  within  the  vascular  channels  in  chick  embryos  prior  to  the 
25-eomite  stage. 

Hrket  (1914)  maintains  that  in  birds  the  majority  of  the  primordial 
germ-cells  disintegrate,  though  some  may  possibly  come  to  '^maturity'' 
in  the  wall  of  the  gut;  and  he  views  their  extra-regional  appearance  as 
of  only  phylogenetic  significance,  reminiscent  of  the  definitive  sex-cells 
of  lower  vertebrates. 

The  work  of  Allen  on  the  turtle  Chryaemys  marginata  (1906,  1907) 
and  on  the  ganoid  fishes  Amia  and  Lepidosteiia  (1911)  has  greatly 
advanced  our  knowledge  regarding  the  origin  and  development  of  the 
primordial  germ-cells  in  vertebrates.  In  these  three  forms  Allen  has 
likewise  demonstrated  an  extra-regional  entodermal  origin.  In 
Chryeemys  the  germ-cells  (''sex-cells,''  Allen)  are  described  as  arising 
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from  the  entoderm  near  the  lateral  margin  of  the  area  pellucida  at  a 
level  beginning  about  the  cephalic  extremity  of  the  pronephros  and 
extending  on  either  side  to  a  point  just  behind  the  caudal  tip  of  the 
embryo.  The  total  number  of  the  original  quota  of  germ-cells  is  said 
to  vary  from  302  to  1,744,  with  an  average  of  about  1,100  (Allen,  1907). 
No  mitoses  were  observed  in  these  cells  until  the  10-mm.  stage  of 
development.  During  the  migration  of  the  sex-cells  many  are  said  to 
lag  hopelessly  behind,  while  others  may  go  entirely  astray.  Upon  an 
average  47.7  per  cent  are  estimated  to  finally  reach  the  sex-glands, 
while  the  remainder  are  said  to  come  to  rest  in  the  alimentary  tract,  the 
mesentery,  and  the  region  between  the  root  of  the  mesentery,  the  aorta, 
and  the  mesonephroi. 

It  is  important  to  note  that  Dustin  (1910)  records  a  much  smaller 
average  number  of  germ-cells  in  Chrysemys  embryos  of  this  stage,  the 
extremes  being  given  as  158  and  415.  This  nmnber  is  much  closer  to 
my  own  count  (see  chart,  page  323)  for  Caretta. 

In  LepidosteiLs  the  primordial  germ-cells  have  a  very  similar  origin. 
They  are  described  as  migratory  to  a  high  degree.  In  Amia  they  are 
said  to  arise  from  the  entoderm  of  the  roof  and  margin  of  the  floor  of 
the  subgerminal  cavity. 

The  history  of  the  germ-cells  in  Chrysemys  is  practically  identical 
with  that  above  described  for  Caretta.  However,  I  find  no  evidence  in 
Caretta  to  support  Allen's  conclusion  that  ''large  numbers"  of  cells 
fail  to  migrate  eventually  to  the  gonads,  but  imdergo  degeneration  in 
these  extra-regional  locations.  Rarity  of  actual  degenerating  cells,  or 
persisting  representatives  of  any  kind  in  later  stages,  indicates  an 
ultimate  migration  of  at  least  the  vast  majority  of  the  extra-r^onal 
germ-cells  into  the  genital-glands.  Moreover,  an  occasional  germ-cell 
may  be  seen  dividing  during  all  the  earlier  stages. 

Dustin  (1907)  describes  the  origin  of  the  sex-cells  C'gonocytes") 
in  a  3  nmi.  Triton  larva  from  the  medial  portions  of  the  lateral  plates  of 
mesoderm  in  the  caudal  half  of  the  body.  These  original  sex-cell 
masses  become  approximated  medially  and  subsequently  fuse  to  form  a 
longitudinal  rod  of  sex-cells  just  above  the  dorsal  root  of  the  mesentery. 
At  about  the  14  mm.  stage  the  majority  of  the  original  sex-cells  are 
said  to  degenerate  and  disappear,  and  a  new  generation  to  be  differen- 
tiated from  the  peritoneal  epithelium  of  the  genital  ridge.  A  similar 
mode  of  origin  and  history  of  the  germ-cells  is  described  for  Rana  and 
Bufo.  As  regards  Rana  pijnens,  Allen  (1907)  describes  a  dorso-medial 
migration  of  germ-cells  from  the  gut  entoderm  at  the  time  when  the 
two  lateral  plates  are  approximated  in  the  formation  of  the  mesentery. 
The  initial  mesodermal  origin  described  by  Dustin  is  accordingly  here 
an  illusion. 

In  the  matter  of  an  entodermal  origin  of  the  germ-cells  in  Ranaf 
Allen  has  been  confirmed  by  Kuschakewitsch  (1908),  and  by  King 
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(1908)  as  respects  Bvfo  lentiginostta.  Miss  King  finds  no  evidence  in 
support  of  a  secondary  source  of  germ-cells  from  the  peritoneal  epithe- 
lium. Moreover,  in  ChrysemySf  Allen  (1906)  traced  the  germ-cells  to 
maturity  without  finding  any  evidence  of  a  transformation  of  peri- 
toneal cells  into  germ-cells.  The  same  is  true  also  of  Caretta  at  least 
to  the  32-day  stage. 

Dustin  (1910)  has  repeated  the  investigation  of  Allen  on  Chrysemya 
marginata,  and  now  confirms  Allen's  observations  r^arding  the  ento- 
dermal  origin  of  the  extra-regional  germ-cells  in  this  form.  Dustin 
still  claims,  however,  that  in  this  form  also  there  is  a  secondary  peri- 
toneal source  of  origin  of  germ-cells  or  ^'gonoc}rtes."  But  his  illustra- 
tions do  not  seem  to  support  this  conclusion.  The  so-called ' '  secondary 
gonocytes  "  as  illustrated  are  smaller  than  certain  other  germ-cells  des- 
ignated '' primary  gonoc}rtes/'  but  no  unequivocal  transitions  appear 
between  the  mesenchyme  cells  of  the  sexual  gland  or  its  peritoneal 
ceUs  and  the  secondary  gonocytes. 

In  a  postscript  (p.  33)  Allen  (1911)  records  preliminary  results  in  the 
case  of  Necturus  and  Amblystoma  similar  to  those  reported  by  Dustin 
for  Triionj  namely,  an  actual  mesodermal  origin  of  sex-cells.  Allen 
disposes  of  the  conflicting  views  r^arding  the  origin  of  germ-cells  in 
amphibia  by  the  claim  that  in  the  urodeles  the  usual  source  of  origin 
of  the  germ-cells  is  the  mesoderm;  that  in  the  anurans  the  source  of 
origin  is  the  entoderm;  at  the  same  time,  he  admits  the  possibility  of 
exceptions. 

A  similar  mesodermal  origin  of  the  sex-cell  is  described  also  for  the 
teleoBt  Lophius  (Dodds,  1910).  Wheeler's  results  on  Petromyzan 
(1899)  indicate  that  the  germ-cells  may  become  included  in  the  meso- 
derm at  the  time  it  separates  from  the  entoderm.  Jarvis  (1908) 
reports  an  entodermal  origin  of  the  primordial  germ-cells  also  in  the 
h(»med  toad,  Phrynosama  comtUum. 

Gatenby  (1916)  has  reexamined  the  evidence  in  the  case  of  Rana 
{temporarta)  ^  Salamandra,  Triton  (molge),  and  Amblybtoma.  The 
obec^ations  on  these  forms  accord  in  all  tiie  main  points  and '' resemble 
Bvfo  in  the  history  of  germ-cell  production,"  which  it  is  claimed  pro- 
ceeds by  a  differentiation  of  germ-cells  ('' secondary  gonocytes")  from 
the  germinal  epithelium,  in  accord  with  Waldeyer's  original  theory. 
Gatenby  thus  disagrees  with  the  conclusions  of  King  (1908)  for  Bufo 
lenHginostis,  Allen  (1907)  for  Rana  pipiens,  and  Kuschakewitsch  for 
Rana  eacuUrUa;  but  agrees  with  the  conclusion  of  Dustin  (1907)  for 
Triton^  Rana,  and  Bvfo,  and  with  the  earlier  conclusion  of  Kuschake- 
witsch (1907)  for  Rana  pipiens. 

Gatenby,  however,  admits  ''that  some  germ-cells  possibly  migrate 
from  the  entoderm  of  the  yolknsac,"  but  ''feels  sure  that  during  life 
v^y  large  additional  reinforcements  of  germ-cells  arise  in  the  epithe- 
lium of  the  gonad  of  Amphibia"  (p.  276).    His  criticism,  then,  of  the 
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work  of  King,  Allen,  Beard,  and  others  who  hold  to  the  view  of  a 
genetic  indq)endence  between  coelomic  epithelium  and  genn-odk  is 
that  they  have  studied  only  the  eariier  periods  of  the  ontogeny.  But 
in  the  male  chick  Swift  has  now  (1916)  examined  also  the  young  post- 
incubation  stages,  as  late  as  10  dajrs,  and  still  finds  all  the  evid^ice  in 
accord  with  the  segregation  view. 

Gatenby  describes  the  tadpole  ovary  as  formed  of  (1)  germ-cells  of 
peritoneal  origin;  (2)  germ-cells  of  retro-peritoneal  origin;  (3)  germ- 
cells  of  endoderm  (yolk-sac)  origin.  He  indines  to  believe  that  the 
germ-cells  of  the  yolk-sac  are  all  laid  at  the  first  spawning.  He  de- 
scribes and  illustrates  intermediate  stages  between  peritoi^al  cells  and 
yoimg  germ-cells,  but  one  is  forced  to  the  criticism  that  his  figures  give 
no  adequate  support  to  his  claim  of  a  transformation  of  mesoderm-cells 
into  germ-cells. 

In  the  liisard  embryo  {Lacerta  agilis)^  according  to  von  Berenberg- 
Gossler,  the  migration  of  the  ''primordial  germ-cells"  is  not  so  strongly 
limited  to  the  early  developmental  stages  as  described,  e.  g.,  for 
Chrysemys;  and  the  cells  (''entodermal  wandering  cells")  are  relatively 
much  more  numerous;  nor  do  any  of  them  disintegrate;  they  become 
converted  into  mesoderm-cells.  ''The  migration  of  cells  out  of  the 
entoderm  in  Lacerta  has  no  other  significance  than  a  dilatory  develop- 
ment of  mesoderm  from  entod^m"  (pp.  247-248).  He  extends  this 
interpretation  to  cover  the  so-called  extra-regional  genital  cells  of 
reptiles  and  mammals.  As  mesodermal  cells  they  may  possibly 
metamorphose  into  cells  of  the  coelomic  epithelium,  as  earlier  main- 
tained by  Ho£fman.  They  wander  from  t^e  entod^m  largely  to  the 
location  of  the  future  pronephric  (WolflSan)  duct,  to  the  construction 
of  the  caudal  portion  of  which  they  greatly  contribute.  Occasional 
cells  are  found  also  in  the  somatopleure.  None  of  the  cells  while 
within  the  mesoderm  were  found  in  process  of  mitosis.  All  these  cdb 
are  believed  to  become  changed  into  mesoderm-cells;  thus  they 
apparently  disappear,  but  from  some  of  those  scattered  among  the 
cells  of  the  peritoneal  epitheliimi  definitive  germ-cells  arise.  This 
interpretation  eases  the  difficulty  of  accepting  the  view  of  certain 
investigators  (e.  g.,  Firket,  Dustin,  Gatenby,  Felix)  that  both  primary 
and  secondary  genital  cells  are  formed,  the  primary  becoming  displaced 
through  "degeneration"  by  the  secondary.  The  whole  genital  gland 
would  then  arise  from  mesoderm,  as  maintained  by  some  of  the  earlier 
investigators. 

No  attempt  is  made  by  von  Berenberg-Gossler  to  apply  the  above 
interpretation  to  conditions  in  the  chick,  where  these  cells  diuing 
early  stages  have  an  intravascular  distribution.  However,  he  expresses 
doubt  regarding  the  germ-cell  nature  of  these  intravascular  "germ- 
cells,"  many  of  which  are  in  process  of  degeneration.  A  common 
interpretation  of  the  phenomena  relating  to  these  "entodermal  wan- 
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deling  cells''  or  '^ primordial  germ-cells''  in  the  lizard  and  the  chick  is 
obviously  difficult  if  not  actually  impossible  on  this  basis. 

Rubaschkin  (1908,  1909)  describes  an  entodermal  origin  of  primor- 
dial germ-cells  also  in  rabbit  and  guinea-pig  embryos;  and  he  traces  a 
migration  route  practically  identical  with  that  here  described  for 
Caretta  and  that  described  for  Chrysemys  by  Allen.  In  the  cat  embryo, 
Winiwarter  and  Sainmont  (1909)  describe  similar  sex-cells  in  the 
embryonic  ovary,  but  they  interpret  these  cells  as  hypertrophied  forms 
of  the  ordinary  cells  of  the  sex-cords. 

Nagel  (1889)  described  extra-regional  germ-cells  also  in  the  human 
embryo,  located  near  the  pronephric  duct.  In  1911,  Felix  likewise 
described  them  in  hmnan  embryos.  In  1912,  Fuss  published  his  results 
of  a  study  of  3  hmnan  embryos  (of  2,  3,  and  4  weeks)  and  17  other 
mammalian  embryos,  including  rabbit  embryos  and  pig  embryos  (of  7 
to  14  mm.).  In  the  human  embryo  the  sex-cells  are  said  to  be  capable 
of  amoeboid  motion;  this  movement  is  combined  with  a  passive  migra- 
tion, the  result  of  growth  in  the  enveloping  tissues.  Fuss  declares  that 
aside  from  the  germinal  path  there  are  no  germ-cells,  and  that  the 
so-called  '' germinal  epithelium"  plays  no  large  rdle  in  the  origin  of 
germ-cells  in  mammals.  The  germ-cells  are  said  to  be  present  long 
before  the  differentiation  of  the  sexual  gland  takes  place.  They  arise 
from  the  entoderm,  and  after  closure  of  the  gut  they  migrate  through 
the  mesentery  to  the  genital  gland — ^in  the  himian  embryo  about  the 
fourth  week,  in  the  rabbit  embryo  about  the  thirteenth  day,  and  in  the 
pig  embryo  of  about  14  mm.  On  entrance  into  the  gland  they  may 
undergo  active  mitotic  proliferation. 

DISCUSSION  AND  CONCLUSIONS. 

It  would  seem  that  the  evidence  is  now  sufficient  to  amply  support 
the  hypothesis  of  the  extra-regional  origin  of  the  germ-cells  first  clearly 
enunciated  by  Nussbaum  (1880)  in  opposition  to  the  teaching  of 
Waldeyer  (1870),  who  derived  the  germ-cells  by  process  of  diflfer- 
entiation  from  the  peritoneal  epithelium.  Swift's  most  recent  pub- 
lications (1915,  1916)  clear  also  the  additional  obsciuity  regarding 
the  germ-cells  produced  by  Felix,  who  claimed  that  the  primordial 
germ-cells  (''primary  genital  cells")  in  amniotes,  including  man,  have 
an  extra-regional  origin,  but  later  disappear  and  become  replaced  by 
''secondary  genital  cells,"  the  definitive  germ-cells,  differentiation 
products  of  the  peritoneal  epithelium.  This  is  also  the  view  of  Dustin 
regarding  certain  amphibia  and  Chryaemys,  and  of  Gatenby  for  the 
frog.  Swift  has  shown  for  the  chick  that  the  sex-cords  arise  as 
ingrowths  of  proliferating  regions  of  peritoneal  epithelium  into  the 
subjacent  mesenchyma  of  the  genital  fold  (banning  about  the  sixth 
day  of  incubation),  and  that  the  sex-cells  which  have  migrated  from 
extra-regional  areas  to  the  peritoneal  epithelium  become  involved  in 
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the  sex-cords,  where  as  odgonia  and  spomogonia  they  undergo  pro- 
liferation and  further  differentiation. 

Considering  all  the  forms  studied,  from  Aecarts  to  man,  the  evidence 
is  all  but  complete  for  a  morphologic  continuity  of  the  germ-cells,  a 
'^Keimbahn/'  or  germinal  path.  According  to  Buchner  (1910)  no  ervi- 
denceappearsfor  suchagerminal  path  in  annelids,  moUusks,  and  echino- 
derms,  nor  according  to  Fick  (1906)  for  plants.  But  these  are  simply 
instances  regarding  which  our  evidence  is  as  jret  very  incomplete. 

The  evidence  derived  from  this  study  of  the  embryo  of  the  loggerhead 
turtle  supports  the  theory  of  extra-r^onal  origin  of  germ-cdls  and, 
so  far  as  it  goes,  the  Keimbahn  theory.  The  facts  are  most  closely 
in  line  with  those  reported  by  Allen  for  ChryeemySf  by  Woods  for  the 
dog-fish,  and  by  Beard  for  the  skate. 

This  work  had  in  view  three  chief  objects:  (1)  to  discover  the  origin 
of  the  germ-cells  and  the  route  and  manner  of  possible  migration; 
(2)  a  careful  examination  of  the  cellular  contents  of  all  blood-channds 
with  the  expectation  of  removing  a  possible  confusion  between  germ- 
cells  and  certain  blood-cells;  (3)  to  find  a  basis  for  harmonizing  the 
results  of  von  Berenberg-Gossler  in  the  case  of  Lacerta  with  those 
reported  for  other  reptiles,  and  possibly  other  vertebrate  forms. 

My  first  surprise  was  to  find  the  facts  in  Caretta  closely  like  those 
described  by  Allen  for  Chrysemys.  The  germ-cells  are  segregated  in 
the  entoderm  from  about  the  second  to  fifth  day  near  the  lateral  border 
of  the  area  pellucida,  from  a  point  near  the  cephalic  tip  of  the  pro- 
nephros to  the  caudal  extremity.  Up  to  the  fourth  day  occasional  cells 
occur  also  in  the  area  opaca  near  the  border  of  the  area  pellucida.  This 
indicates  the  first  step  in  the  migration,  namely,  from  area  opaca  to 
lateral  border  of  area  pellucida  caudally;  since  germ-cells  disappear 
later  from  the  area  opaca.  In  the  area  pellucida  the  germ-cells  then 
become  fairly  closely  aggregated  into  two  bilateral  cords.  These  are, 
however,  not  of  uniform  thickness  throughout,  but  have  an  interrupted 
or  segmental  character,  suggesting  '  'gonotomes.'' 

At  about  the  fifth  day  germ-cells  wander  into  the  splanchnic  meso- 
derm and  migrate  medially.  When  the  hind-gut  becomes  closed  (from 
the  sixth  to  the  tenth  day)  germ-cells  become  included  in  its  mucosa 
and  in  the  more  peripheral  portion  of  wall.  From  here  many  migrate 
through  the  mesentery  across  the  angle  of  the  coelom  to  the  differen- 
tiating sex-gland  at  the  seventh  day,  a  few  apparently  degenerating 
within  the  gut-wall.  At  the  thirty-second  day  they  are  distributed 
among  the  peritoneal  epithelium  of  the  developing  sex-gland  and  in 
the  subjacent  mesenchyma.  Only  very  occasionally  is  a  cell  foiuid 
extra-regionally  at  this  stage,  and  apparently  no  sex-cords  have  as 
yet  begun  to  form;  but  neither  is  there  the  slightest  evidence  of  a  dif- 
ferentiation of  the  so-called  germinal  epithelimn  into  genital  cells. 
In  the  earlier  stages  a  few  germ-cells  may  be  seen  in  mitosis  and  an 
occasional  cell  may  apparently  divide  at  any  stage. 
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My  second  surprise  was  to  find  practically  no  germ-cells  in  any 
vascular  channels;  only  two  exceptions  were  noted.  Nor  does  there 
seem  to  be  any  possibility  of  confusion  of  sex-cells  with  blood-cells, 
judging  from  Swift's  figures  or  on  the  basis  of  my  sections  of  the  logger- 
head-turtle embryo.  Swift's  observations  have  now  been  confirmed 
by  von  Berenberg-Grossler  for  chick  and  duck.  Von  Berenberg-Grossler 
was  imable,  however,  to  find  similar  conditions  in  the  case  of  the  lizard 
embryo.  The  condition  of  abimdant  intravascular  germ-cells  in  the 
chick  embryo  and  the  duck  embryo  is  so  far  unique.  Conditions 
respecting  the  germ-cell  history  in  birds  are  evidently  dififerent  from 
those  obtaining  in  reptiles  and  certain  other  amniotes,  and  depend 
upon  the  cephalic  (pro-amniotic)  site  of  origin  of  the  germ-cells  and 
their  close  relation  to  the  vascularizing  mesoderm. 

Considering  the  initial  very  close  relationship  (both  spatial  and 
genetic)  between  the  entoderm  and  the  mesoderm  at  the  time  when  the 
latter  is  in  the  early  stages  of  vascularization  and  the  considerable 
migratory  capacity  of  the  primordial  germ-cells,  the  presence  of  these 
cells  outside  of  the  usual  migration  route,  even  in  the  blood-vessels, 
is  nothing  extraordinary.  In  the  chick  the  initial  source  of  origin  is 
in  the  entoderm  at  the  anterior  extremity  of  the  blastoderm  in  a  region 
originally  free  of  mesoderm.  The  cells  begin  their  first  migration  about 
the  time  the  vascularizing  mesoderm  invades  this  region,  and  so  readily 
enter  into  the  blood-vessels  by  which  they  are  transported  in  large  part 
caudally  to  the  medial  splanchnopleure,  whence  they  pass  via  the 
mesentery  to  the  gonads  (Swift).  In  forms  like  the  turtle  and  the 
dog-fish,  where  the  germ-cells  are  originally  scattered  caudally  in  the 
area  opaca,  they  do  not  in  large  nimibers  come  into  so  intimate  early 
relation  with  the  yoimg  blood-vessels,  and  in  consequence  reach  the 
medial  splanchnopleure  largely  via  the  visceral  layer  of  the  mesoderm 
by  their  own  amoeboid  activity,  meanwhile  passing  through  a  tempo- 
rary stage  of  sharp  s^r^ation  into  the  paired  cords  of  the  area  pellu- 
cida.  But  even  here  it  is  apparently  an  easy  matter  for  the  germ-cells 
to  become  involved  with  the  blood-channels  either  through  active 
migration  or  passive  inclusion.  There  is  nothing,  therefore,  inherently 
contradictory  or  imique  in  the  condition  of  the  germ-cell  migration  as 
it  obtains  in  the  chick  and  duck.  The  difference  is  one  of  degree 
rather  than  kind,  and  depends  upon  the  difference  in  initial  location 
of  the  primordial  germ-cells  with  respect  to  the  mesoderm  and  the  head 
end  of  the  embryo. 

The  very  careful  work  of  Allen,  in  which  he  coimted  the  number  of 
germ-cells  at  the  different  stages  of  development  in  different  areas  in 
ChrysemySy  clearly  shows  that  the  total  number  of  germ-cells  in  different 
individuals  of  a  species  varies  within  wide  limits  (302  to  1>744),  and 
that  the  time  and  rate  of  migration  also  vary  considerably.  I  there- 
fore made  no  attempt  to  approach  the  question  of  the  route  and  manner 
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of  migration  on  the  basis  of  germ-cell  coimts.  The  fact  that  at 
progressively  later  stages  in  development  the  g^rm-cdls  were  found 
in  the  entoderm  near  the  lateral  border  of  the  area  pellucida,  then  in 
the  visceral  plate  of  the  lateral  mesoderm  and  more  medially  in  the 
entoderm  (later  also  in  the  closed  gut  and  enveloping  mes^ichyma), 
then  in  the  mesentery,  and  finally  across  the  coelomic  an^^e  among  the 
peritoneal  epithelium  of  the  sexual  gland  (genital  fold),  indicates  that 
this  represented  the  actual  route  of  migration.  The  further  facts  that 
only  an  occasional  germ-cell  was  seen  in  mitosb  throughout  the  series 
(second  to  thirty-second  day),  that  only  a  few  were  seen  in  conspicuous 
stages  of  degeneration,  and  that  practically  none  appeared  in  blood- 
vessels (and  only  a  few  in  the  periaortic  mes^ichyma)  seems  to  prove 
the  indicated  route  as  the  actual  and  substantially  exclusive  migra- 
tion path.  In  the  case  of  Cymatogaster,  also,  Eigenmann  found  that 
the  sex-cells  do  not  divide  from  the  period  before  the  first  somites 
have  formed — ^at  which  time  they  are  first  distinguishable — up  to 
about  the  period  when  the  yoimg  fish  reaches  a  length  of  7  mm. 

The  close  similarity,  which  in  early  stages  amoimts  practically  to  an 
identity,  between  the  primordial  germ-cells  and  the  cells  of  the  ento- 
derm (especially  the  yolk-sac  entoderm)  need  not,  and  almost  certainly 
does  not,  imply  a  derivation  of  germ-cells  from  entoderm-cells.  In  the 
first  place,  the  germ-cells  can  alwajrs  be  distinguished  from  the  ento- 
dermal  cells  (in  spite  of  structural  and  tinctorial  similarity  between  the 
cells)  by  the  roimded  (spherical  or  oval)  form  of  the  germ-cells.  The 
cells  of  the  yolk-sac  entoderm,  which  they  resemble  most  closely,  are  of 
irregular  shape.  Occasionally  a  germ-cell  may  become  wedged  in 
between  the  entoderm-cells  and  so  forced  into  very  intimate  cyto- 
plasmic relatiohship  and  into  irregular  form,  in  which  condition  it  may 
be  impossible  to  distinguish  between  the  two;  but  the  resemblance 
signifies  simply,  most  probably,  a  similar  low  grade  of  differentiation 
from  the  original  blastomeres.  The  germ-cells  are  therefore  not 
derived  from  the  entoderm-cells  by  differentiation.  These  two  types 
of  cells  are  similar  because  they  are  practically  similarly  undifferen- 
tiated, both  containing  a  large,  finely  granular,  pale  nucleus  and  a  large 
cytoplasmic  content  of  yolk-globules.  The  germ-cells  simply  remain 
dispersed  among  the  entodermal-cells  after  the  segmentation  stages  and 
from  here  migrate  via  the  area  pellucida  to  the  mesentery  and  thence 
to  the  gonads.  The  germ-cells  here,  as  in  certain  invertebrates 
(e.  g.,  Ascaris,  Boveri)  most  probably  have  been  held  apart  from  the 
soma-cells  since  an  early  segmentation  stage  and  then,  from  widely 
scattered  areas,  have  migrated  through  progressively  more  sharply 
segregated  foci  to  the  gonads,  maintaining  thus  a  continuous  germ-ceil 
cycle  from  blastomeres  (perhaps  a  particular  portion  of  the  fertilized 
egg,  as,  for  example,  the  pole  disk  of  certain  Diptera,  Hegner)  to  the 
gonocytes  of  the  definitive  genital  glands. 


Embryonic  History  of  the  Germ-Cells  of  the  Loggerhead  Turtle.        337 

It  remains  to  discuss  the  mode  of  the  extravascular  migration — i.  e., 
whether  active  (amoeboid)  or  passive,  or  both.  A  passive  migration  is 
strongly  urged  by  von  Berenberg-Cjossler.  He  thinks  the  germ-cells 
are  passed  from  the  lateral  to  the  medial  entoderm,  and  from  the  lateral 
visceral  mesoderm  to  the  mesentery,  and  then  across  the  coelomic  angle 
by  the  mechanical  process  of  imequal  growth.  Growth  is  no  doubt  a 
factor  in  the  shifting.  But  the  chief  factors  inhere  in  the  cells  them- 
selves, which  (judged  from  their  shape  and  the  manner  in  which  the 
mesenchymal  cells  are  compressed  in  the  direction  of  a  path  towards 
the  root  of  the  mesentery)  is  an  active  amoeboid  movement  of  the  cells. 
The  cells  evidently  move  medially  both  within  the  endoderm  and  in  the 
mesoderm.  Such  as  lie  medially  in  the  entoderm  become  inclosed 
within  the  hind-gut,  whence  the  majority  later  migrate  into  the  mesen- 
tery. 

Only  two  germ-cells  were  foimd  at  any  stage  within  any  blood- 
channels.  But  no  confusion  between  blood-cells  (hemoblasts)  and 
germ-cells  seems  possible.  The  germ-cells  are  at  all  stages  larger  than 
the  largest  granulocyte  (eosinophil,  whose  granules  also  stain  black 
in  iron-hematoxylin)  and  the  largest  hemoblast,  the  character  and 
staining  capacity  of  whose  nucleus  is  very  different.  There  is  therefore 
no  room  for  doubt  that  in  chick  (Swift)  and  duck  (von  Berenbei^- 
Goesler)  the  germ-cells  actually  do  migrate  (passively)  towards  the  geni- 
tal ridge  largely  through  the  blood-vessels.  The  locus  of  original  segre- 
gation in  birds  is  such  as  to  provide  in  the  blood-channels  the  most 
favorable  method  for  the  longer  portion  of  the  route  of  migration  to 
the  sexual  gland. 

As  Allen  has  already  suggested,  the  reason  for  the  mesodermal  origin 
of  the  germ-cells  in  urodeles  and  possibly  certain  other  vertebrates  may 
be  a  relatively  early  separation  of  mesoderm  from  entoderm — that  is, 
the  germ-cells  of  the  primitive  entoderm  may  have  become  separated 
with  the  portion  which  contributed  to  the  splanchnic  layer  of  the 
mesoderm  before  they  could  migrate  from  the  entoderm  proper. 

In  Lacerta  von  Berenberg-Gossler  describes  cells  comparable  to  the 
so-called  primordial  germ-cells  passing  from  the  entoderm  to  both 
layers  of  the  miesoderm,  and  to  the  dorsal  layer  of  the  intermediate 
cell-mass,  where  caudally  the  cells  are  said  to  contribute  largely  to  the 
formation  of  the  WolflSaii  duct.  Von  Berenberg-Gossler  interprets  his 
results  to  mean  a  belated  origin  of  mesoderm  from  entoderm.  He  very 
ingeniously  suggests  that  these  ^'germ-cells"  wander  also  to  the  sex- 
gland,  where  they  may  transform  into  mesenchymal-cells,  and  then 
retransform  into  g^m-cells,  but  presents  no  histologic  data  in  support. 
Von  Berenberg-Gossler's  results  and  his  interpretation  are  unique  and 
do  not  seem  to  be  capable  of  being  brought  into  harmony  with  the 
results  obtained  in  any  other  form  thus  far  studied,  nor  with  any 
common  interpretation.     Von  Berenberg-Gossler's  interpretation  is 
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more  or  lees  plausible,  but  can  not  be  said  to  be  n^oUy  satisfactory. 
The  condition  in  the  lisard  may  be  simply  an  exaggeration  of  that  in 
other  forms  where  a  certain  number  of  germ-cells  go  astray  during  the 
period  of  migration. 

Since  germ-cells  can  migrate  by  their  own  activity,  it  is  not  difficult 
to  conceive  of  their  presence  anywhere,  even  in  the  ectoderm,  and 
certainly  not  in  the  developing  Wolffian  duct,  where,  imless  liiey 
retrace  their  course  towards  the  genital  gland,  th^  may  undergo 
degeneration  (or  possibly  lie  dormant  imtil  a  favorable  influence  may 
excite  to  the  production  of  a  tumor  or  a  teratoma),  but  that  they 
should  contribute  to  the  formation  of  the  Wolffian  duct  is  thus  far  an 
anomalous  phenomenon. 

When  one  considers  in  common  conditions  in  the  chick,  lizard, 
toads  and  frogs,  salamanders,  and  turtles,  it  becomes  clear  that  there  is 
great  variation  in  the  manner  in  which  the  comparable  elements  (the 
''primordial  germ-cells")  arise,  migrate  to  the  sexual  gland,  and 
develop.  Underlying  these  discrepant  phenomena,  however,  there 
appears  a  fimdamental  harmony,  namely,  an  early  segregation  of 
germ-cells  from  somatic  cells,  a  germinal  path  from  blastomeres  to 
genital  cells  of  the  genital  gland,  probably  from  blastomeres  to  spenn 
and  ova;  a  migration  from  the  entoderm  (or  its  derivative,  the  meso- 
derm, in  urodeles  and  lamprey),  through  the  splanchnic  layer  of  the 
mesoderm  to  the  mesentery  and  thence  to  the  gonads  (wiUi  possible 
aberrant  migrants  anywhere). 

And  in  the  light  of  Swift's  latest  researches  in  the  case  of  the  sex- 
cords  and  the  ova  of  the  chick  ovary  and  the  spermatozoa  of  the 
testis,  it  now  seems  clear  (notwithstanding  the  contradictory  findings 
of  Dustin  in  Ckrysemys  and  of  Gatenby  in  the  frog)  that  the  definitive 
germ-cells  have  had  an  extra-r^onal  origin  and  do  not  arise  by 
differentiation  from  germinal  epithelium  (coelomic  epithelium),  but 
become  involved  in  columnar  invaginations  of  these  cells  to  form  sex- 
cords.  Certain  observations  (e.  g.^  those  of  Felix,  Dustin,  and  Firket) 
to  the  effect  that  the  primordial  germ-cells  ("primary  genital  cells") 
degenerate  early  and  are  replaced  by  coelomic  derivatives  in  the  genital 
gland,  may  possibly  be  explained  by  the  facts  that  in  certain  amniotic 
forms  the  primordial  germ-cells  degenerate  relatively  more  extensively 
and  that  mitosis  does  not  generally  appear  imtil  the  remainder  reach  the 
sex-glands,  where  it  becomes  active  in  those  cells  involved  in  the  sex- 
cords  formed  by  the  '*  germinal  epitheliiun."  The  great  proliferative 
activity  of  the  remaining  primordial  germ-cells  in  the  formation  of  oogo- 
nia  and  the  spermogonia,  among  the  cells  of  the  coelomic  ^ithelium, 
gives  the  appearance  of  an  active  differentiation  and  derivation  from  the 
coelomic  epithelial-cells.  The  products  of  this  intense  proliferation  are 
relatively  smaller  than  the  earUer  germ-cell  progenitors,  which  phenom- 
enon makes  the  superficial  resemblance  between  growing  coelomic  epi- 
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fhelial  cells  and  the  definitive  germ-cells  more  close.  At  any  rate,  no 
clear  case  has  yet  been  made  out  for  the  differentiation  of  germ-cells 
from  coelomic  epitheliimi  at  any  stage  in  any  form. 

There  is  no  evidence  in  Caretta  of  a  differential  mitochondrial 
content  between  the  germ-cells  and  somatic  cells,  as  maintained  by 
Tschaschin  in  the  case  of  the  chick  embryo  and  by  Rubaschkin  in  the 
case  of  certain  mammalian  embryos;  and  as  denied  by  Swift  and  von 
Berenberg-Gossler.  The  germ-cells  are  distinguished  from  the  so- 
matic cells  by  their  larger  size,  their  generous  yolk-content,  their  large 
vesicular  oxyphilic  nucleus,  with  its  delicate,  finely  granular,  radially 
arranged,  nuclear  network.  These  nuclei  resemble  more  closely 
those  of  the  entoderm-cells  of  the  area  opaca,  indicating  a  low  grade 
of  differentiation  of  these  two  cells  and  a  close  genetic  relationship 
inhering  most  probably  in  a  common  near  ancestor,  from  which  they 
have  departed  but  little  in  their  slight  progressive  differentiation.  This 
indicates  also  that  the  germ-cell  commonly  remains  imdifferentiated 
imtil  a  relatively  late  period  in  its  history,  when  it  takes  residence  in 
the  genital  gland.  Its  load  of  nutritive  material  in  the  form  of  yolk 
(still  present  in  the  25-day  stage)  also  indicates  a  low  grade  of  differen- 
tiation and  suggests  the  cause  of  its  lack  of  proliferative  capacity  until 
digestion  of  this  yolk  is  completed,  and  the  further  reason  of  its  great 
capacity  for  later  proliferation  and  differentiation,  especially  in  the 
male. 

But  many  more  researches  covering  the  later  periods  of  the  history 
of  the  ovary  with  special  reference  to  the  so-called  ^'germinal  epithe- 
lium," such  as  those  of  Swift  on  the  chick  and  of  Gatenby  on  the  frog, 
are  needed  before  the  hypothesis  of  a  germinal  path  for  vertebrates  can 
be  said  to  be  completely  established.  In  view  of  conditions  in  the 
gonads  of  certain  annelids,  mollusks,  and  echinoderms,  where  enormous 
numbers  of  germ-cells  are  formed  during  successive  years,  and  the 
disagreements  which  still  exist  with  respect  to  such  relatively  simple 
forms  as  frog  (Allen  and  King  vs.  Dustin  and  Gatenby),  chick  (Swift 
vs.  Ilrket),  and  the  turtle,  Chrysemys  (Allen  vs.  Dustin),  the  claims 
that  two  series  of  genital  cells  occur — a  primordial  and  a  secondary  or 
definitive — ^the  one  derived  directly  from  a  blastomere  of  the  later 
cleavage  stages  and  so  segregated  from  the  somatic  cells,  and  the 
other  derived  by  differentiation  from  the  coelomic  epithelium  of  the 
genital  ridge,  and  so  modified  soma-cells,  while  on  logical  groimds 
inherently  improbable,  and  without  firm  observational  basis — and 
disproved  on  histologic  grounds,  I  believe,  in  the  case  of  Caretta — can 
not  perhaps  be  said  to  have  been  definitely  disposed  of. 
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SUMMARY  OF  RESULTS. 

1.  Twenty-five  embryos  of  the  loggerhead  turtle  (Caretta  caretta), 
ranging  from  the  second  day  (5  somites,  2  mm.  length)  to  the  thirty- 
second  day  of  incubation,  were  employed  in  this  investigation.  The 
early  history  of  the  primordial  germ-cells  is  very  similar  to  that  de- 
scribed by  Allen  for  the  turtle  Chrysemys  and  by  Woods  for  the  dog- 
fish. 

2.  The  primordial  germ-cells  migrate  during  the  second  day  from  the 
yolk-sac  entoderm,  where  they  were  more  or  less  widely  scattered 
caudally,  into  the  lateral  border  of  the  area  pellucida  on  each  side  of 
the  embryonic  disk.  Here  they  become  sharply  s^regated  by  the 
beginning  of  the  third  day  into  two  bilateral  cords  situated  in  the 
entod^m  of  the  area  pellucida  laterally  in  the  caudal  half  of  the  disk. 
In  the  2-day  embryo  they  extend  from  the  neurenteric  canal  to  the  end 
of  the  primitive  streak;  in  the  3-day  embryo  from  the  sixth  somite  to 
the  caudal  extremity  of  the  streak.  The  cords  become  more  medially 
placed,  make  a  linear  connection  with  the  overlying  visceral  mesoderm, 
and  their  cells  migrate  during  the  fifth  day  into  this  mesoderm,  and 
thence  medially  (during  the  sixth  and  seventh  days)  towards  the  root 
of  the  forming  mesentery  of  the  closing  hind-gut.  Individual  cells 
migrate  medially  also  within,  or  back  into,  the  entoderm  of  the  gut. 
The  germ-cells  in  the  medial  entoderm  become  included  in  the  mucosa 
of  the  closed  hind-gut,  those  in  the  mesoderm  in  the  enveloping 
mesenchyma  and  the  gut  end  of  the  mesentery.  From  these  locations 
the  majority  of  the  germ-cells  subsequently  (seventh  to  twelfth  day) 
migrate  up  the  mesentery  and  across  the  coelomic  angle  into  the  future 
sexual  gland.  They  become  incorporated  among  the  mesenchymal 
cells  of  the  gland  and  the  covering  peritoneal  epithelimn,  where  they 
suffer  no  striking  change  in  form,  size,  or  content  at  least  as  late  as  the 
thirty-second  day  of  incubation. 

3.  The  germ-cells  migrate  by  amoeboid  activity,  assisted  in  small 
part  probably  by  the  factor  of  unequal  growth,  involving  the  shifting 
of  the  medial  portion  of  the  splanchnopleure  to  the  mesentery  and  the 
dorsal  portion  of  the  mesentery  to  the  gonads. 

4.  The  migration  period  is  not  sharply  limited.  It  is  at  its  height 
from  the  seventh  to  the  twelfth  day,  and  practically  ceases  about  the 
sixteenth  day.  But  occasional  extra-r^onal  cells  may  still  be  found 
in  the  gut  and  mesentery  at  the  32-day  stage — ^usually,  however,  showing 
signs  of  degeneration. 

5.  A  certain  number  of  germ-cells  migrate  out  of  the  r^ular  germ- 
cell  route  and  go  astray.  Such  strays  are  especially  numerous  in  the 
periaortic  mesenchyma  caudally,  where  they  may  become  incorporated 
among  the  neuroblasts  of  the  developing  peripheral  sympathetic 
ganglia.  The  majority  of  these  strays  probably  degenerate  in  «tto, 
but  some  may  possibly  persist  to  form,  under  the  proper  pathologic 
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stimulus,  a  focus  of  neoplastic  growth.  An  occasional  cell  is  found  also 
in  the  blood-vessels  of  this  r^on.  Such  may  be  carried  by  the  blood- 
stream to  distant  r^ons  and  perhaps  again  enter  the  mesenchyma  or 
d^^nerate  within  the  vessels. 

6.  The  total  number  of  primordial  germ-cells  counted  in  a  12-day 
embryo  is  352,  the  number  within  the  gonads  being  about  equally 
divided  between  the  two  (118  left  to  127  right). 

7.  Occasional  cells  may  divide  by  mitosis,  or  undergo  d^eneration, 
at  any  stage  of  their  history  or  at  any  point  of  the  route.  Mitoses  are 
more  niunerous  during  earlier  stages  and  among  the  entodermal  cells; 
degeneration  is  more  general  during  the  later  stages  and  in  the  mesen- 
chyma of  the  closed  hind-gut. 

8.  No  germ-cells  were  found  contributing  to  the  formation  of  the 
WolflSan  duct.  There  is  no  evidence  in  this  form  in  support  of  von 
Berenberg-Gossler's  claim,  on  the  basis  of  his  observations  on  the 
lizard  embryo,  that  the  so-called  primordial  germ-cells  represent 
simply  a  belated  stage  of  mesoderm  formation  from  entoderm. 

9.  The  germ-cells  do  not  differ  from  young  somatic  cells  in  the 
character  of  their  mitochondrial  content.  The  mitochondria  include 
granular  as  well  as  beaded-rod  and  filamentous  forms. 

10.  No  transition  stages  between  coelomic  epithelial  cells  and  germ- 
cells  appear  up  to  the  32-day  stage.  From  the  16-day  stage  on,  when 
the  nuclei  of  some  of  the  germ-cells  within  the  gonads  become  coarsely 
granular  and  the  reticulum  stains  more  deeply,  apparent  transition 
stages  occur  between  the  larger  of  the  mesenchymal  cells  and  the 
smaUer  included  subepithelial  germ-cells.  But  no  secure  histologic 
basis  can  here  be  found  for  separating  the  germ-cells  of  the  gonads  into 
large  ''primary  genital  cells"  and  smaller  ''secondary  genital  cells" 
(Felix)  or  "gonocytes"  (Dustin)  derived  by  process  of  differentiation 
from  the  cells  of  the  "germinal"  (peritoneal)  epitheliiun  or  the  subjacent 
mesenchyma.  The  size  variations  among  the  germ-cells  of  the  gonads 
of  the  older  stages  are  no  greater  than  in  the  original  cords  of  the  area 
pellucida  or  in  the  subsequent  early  stages;  and  the  cytologic  similarity 
between  the  two  dimensional  grades  of  cells  is  much  closer  than 
between  the  larger  mesenchymal  cells  and  the  smaller  germ-cells. 

11.  The  evidence  derived  from  a  study  of  the  Caretta  embryos  is  in 
C(»nplete  harmony  with  the  idea  of  a  single  uninterrupted  line  of  sex- 
cdls  from  primordial  germ-cells  to  oogonia  and  spermogonia,  and  with 
the  hypothesis  of  a  vertebrate  Keimbahn  or  continuous  germinal  path. 

12.  The  variations  in  the  distribution  of  the  primordial  germ-cells 
during  earlier  embryonic  stages  described  by  various  investigators  for 
a  number  of  vertebrate  forms — ^as  pertains  both  to  their  presence  in 
blood-vessels  (chick.  Swift;  duck,  von  Berenberg-Gossler)  and  in 
various  r^ons  and  tissue  remote  from  the  more  direct  and  more 
usual  germinal  route  (Wolffian  duct  and  somatopleure  in  the  lizard, 
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von  Berenberg-GosBler;  and  sympathetic  gang^  in  the  loggerhead 
turtle,  Jordan) ;  and  to  their  apparent  primary  (uroddee)  or  secondary 
(anurans  and  other  vertebrates)  derivation  from  the  splanchnic  layer 
of  the  lateral  mesoderm — are  incidental  to  their  original  location  with 
req>ect  to  the  embryonic  area  and  the  vascularizing  mesoblast  of  the 
blastoderm,  and  to  their  amoeboid  capacity.  Since  the  primordial 
germ-cells  are  genetically  directly  related  to  neitlier  of  the  secondary 
germ-layers,  their  origin  in  eitiier  (entoderm  or  mesoderm)  has  no 
fundamental  significance.  Since  they  are  capable  of  amoeboid  activity, 
and  may  become  included  in  blood-vessels,  they  may  migrate  any- 
where, and  so  occur  in  any  location,  from  where  they  may  subsequently 
migrate  again  to  the  more  direct  germinal  path,  or  perhaps  disintegrate. 
The  fact  of  fundamental  significance  witli  req>ect  to  tlie  immordial 
germ-cells  is  their  original  extra-r^onal  distribution  and  their  direct 
genetic  independence  of  the  soma-cells. 
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DESCRIPTION  OF  ILLUSTRATIONS. 

Flo.  1. — Compoate  drawinc  of  left  ade  of  metentcry  near  its  root  in  the  11-day  embriro.  AH 
the  oella  abowii  are  from  the  immediate  vidnity  of  the  tame  eectioo.  J/,  meaotheliam  of 
mesentery;  k  and  e,  henK>blast  and  erythrocyte,  reapeetiyely,  in  the  aorta;  6,  ooiinophil 
blood  cruiulocyte,  Isdng  among  the  meeencharmal  eeia;  a,  typical  primordial  cetm-odlf 
(primary  genital  eeUs),  laden  with  s^olk-globulea;  i.  attvmotaon  ephere,  diown  both  in  the 
granulocyte  and  the  genital  eell.  Similar  geiuneella  appear  also  in  this  and  immediate 
■eotaons  in  the  gut  (both  among  the  entodetmal  eeis  and  in  the  e&Tdoping  mesenchsrma) 
and  among  the  mesothelial  cells  of  both  the  mesentery  and  the  genital  ridge.  This  sectioB 
is  very  similar  to  that  of  figure  2  (plate  V).  Fleoiming  fixation,  iron-bematoiyiin  stain; 
magnified  1,000  diameters. 

Fio.  2. — Portion  of  genital  ridge  of  same  1 1-day  embrsro,  showing  a  genn-oell  among  the  flattened 
cells  of  the  peritoneal  epithelium;  the  germ-cell  contains  many  mitochondria,  of  granular, 
rod,  beaded-rod,  and  a  few  of  filamentous  forms;  also  some  yolk-granules.  6,  an  eoeinopfail 
granulocyte.     X  1,000. 

Fio.  3. — Section  through  ccBkxnic  angle  of  same  11-day  embrjro,  showing  a  germ-ceU  amcMig  the 
peritoneal  epitbdial-cells  of  both  the  mesenteiy  {aa)  and  the  genital  ridge  {me) ;  the  germ-cell 
ab  lies  among  the  mesenchymal  cells  of  the  mesentery,  apparently  in  process  of  migration  into 
the  meeothelial  layer.  Both  oo  and  ac  also  are  in  amoeboid  activity.  Cell  ac  is  loaded 
with  an  apparently  continuous  mass  of  yolk  material.     Magnified  1,000  diameters. 

Fio.  4. — Germ-cells  from  the  10-day  embryo  (similar  to  fig.  2,  plate  \)^  in  the  region  of  the 
hind-gut.  (Helly  fixation,  Giemsa  stain.)  a,  germ-cell  from  the  entoderm  of  the  gut  (the 
nucleolus  stains  a  deep  violet,  the  nucleus,  with  its  granular  reticulum  stains  a  U^t  bluisb- 
pink,  and  the  reticular  vacuolated  csrtoplasm  stains  a  pink  color) ;  b,  genn-oell  in  mesenchymal 
layer  of  gut;  c,  germ-ceU  in  the  peritoneal  epithelium  of  the  genital  ridge;  d  and  «,  germ-ceUs 
from  the  meeenchyma  of  the  developing  genital  gland;/,  eoauiophil  from  mesentery  (granules 
deep  red,  nucleolus  blue).     X  1,000. 

Fio.  5. — Eiythroblast  within  a  blood-vessel,  in  the  11-day  embryo.     X  1,000. 

Fio.  6. — Germ-cells  from  12-day  embryo.  (Helly  fixation;  iron-hematoxylin  stain.)  a,  germ- 
cell  from  among  the  entodermal  cells  of  the  still  open  portion  of  the  hind-gut  (fig.  1,  plate  VI) ; 
t,  attraction  sphere;  6,  germ-cell  from  among  the  peritoneal  epithelium  of  the  genital  ridge 
(the  nucleolus  is  stained  a  deep  Uack,  the  granular  nucleus  a  brownish  gray,  the  vacuolated 
csrtoplasm  a  light  gray) ;  c,  germ-cell  from  middle  of  mesentery  closely  enveloped  by  flattened 
meeenchymal  ceUs,  simulating  a  close-fitting  capsule.     X  1,000. 

Fio.  7. — Germ-cell  from  "germinal  epithelium*'  of  genital-gUnd  of  22-day  embryo.  X1,5(X). 
Helly  fixation ;  stained  in  Mo  with  Delafield's  hematoxylin.  The  nucleolus  stains  a  deep  blue, 
the  granular  nucleus  light  blue,  and  the  reticluar  cjrtoplaon  a  still  lighter  blue. 

Fio.  8. — Germ-cell  from  subepithelial  meeenchyma  of  genital  gland  of  25-day  embryo.  The 
cell  is  closely  enveloped  by  flattened  mesenchymal  cells,  simulating  a  capsule.     X1,5(X). 

Fio.  9. — Germ-cell  from  submesothelial  mesenchyma  of  sextial  gland  of  32-day  embryo.     X  1,500. 

Fio.  10. — Germ-cells  and  blood-cells  from  the  8-day  embryo,  a,  germ-ceU  from  the  splanchnic 
layer  of  lateral  plate  of  mesoderm,  near  the  border  of  the  area  pellucida;  b,  germ-cell  from 
mesentery  closely  enveloped  by  flattened  mesenchymal  cells;  c  and  d,  hemoblasts  from  meso- 
chyma  of  mesentery  and  from  the  aorta  respectively.     Xl,5(X). 

Fio.  11. — Section  of  entoderm  of  open  gut  of  7-day  embrsro  firom  near  the  border  of  the  area 
pellucida,  showing  a  germ-ceU  among  the  entodermal  cells.  The  cytoplasm  of  the  germ-ceU 
contains  large  irregular  peripheral  vacuoles,  due  to  the  solution  of  the  yolk-content.  A  cell 
from  the  superjacent  me8ench3rma  is  shown  at  (a)  for  purpose  of  comparison  between  the 
nuclei  of  the  germ  cells,  entodermal  cells,  and  moro  differentiated  mesenchymal  cdls. 
X  1,500. 

Fio.  12. — Germ-cell  from  entoderm  of  dorsal  rogion  of  hind-gut,  <^  a  7-day  embryo.  The 
cytoplasm  contains  enormous  periph^td  vacuoles,  where  the  yolk-globules  have  been  dis- 
solved.    X  1,500. 

Fio.  13. — Germ-cell  in  the  entoderm  from  about  mid-line  of  area  pellucida  in  a  3-day  embryo. 
The  cell  is  in  the  act  of  migrating  into  the  superjacent  visceral  \xyet  of  the  lateral  plate  of 
mesoderm.     X  1,500.     The  arrow  points  towards  the  embryonic  axis. 

Fio.  14. — Germ-cell  of  a  3-day  embryo  (fig.  1,  plate  III),  from  area  pellucida  near  its  lateral 
border.  The  cytoplasm  contains  two  large  vacuoles  where  some  of  the  yolk  material  has 
been  dissolved.  This  cell  has  a  diameter  of  16.5  microns.  The  germ-cells  vary  from  13  to 
22  microns  in  diameter. 

Fio.  15. — Germ-cell  from  area  opaoa,  near  the  margin  of  the  area  pellucida,  of  a  3-day  anbryo. 
For  comparison  a  nucleus  from  the  entodermal  syncytium  is  added  at  a.  Note  the  dose 
similarity  of  structure.  The  cytoplasm  of  the  germ-cell  contains  large  spherical  yolk-glob- 
ules, which  at  this  stage  of  development  were  not  dissolved  in  the  alcohols  after  Hdly  fixation 
(iron-hematoxylin  stain).  Only  at  later  stages,  when  the  yolk  has  suffered  further  changes 
in  the  process  of  elaboration  for  nutritive  purposes,  does  it  become  susceptible  to  the  solvent 
action  of  the  alcohols.      X  1,500. 
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ATRESIA  OF  THE  ESOPHAGUS  IN  THE  EMBRYO  OF  THE 

LOGGERHEAD  TURTLE  (CARETTA  CAREHA):  A 

NORMAL  DEVELOPMENTAL  CONDITION. 


Bt  H.  E.  Jordan. 


INTRODUCTION. 

In  a  soiee  of  embryoB  of  the  log|^head  turtle  cdleeted  and  used 
<»iginally  for  a  study  at  the  history  ^  the  primcMxlial  germroells,  it  was 
noticed  that  the  esophagus  was  solid  for  a  greater  or  less  extent, 
approximately  f rmn  the  point  oi  origin  of  the  req^ratory  anlage  to  its 
bifurcation  into  the  lm>ndii,  f r<xn  the  eleventh  to  the  thirtynsecond  day 
ci  incubation.  At  the  latter  stage  the  esophagus  is  still  occluded  at  its 
onl  end,  though  now  fenestrated  for  a  considerable  ext^at  caudally; 
and  it  se^ns  probable  that  the  esophageal  atresia  persists  practically 
to  near  the  end  of  the  incubation  period  (8  weeks)  at  the  level  just 
behind  the  opening  of  the  larynx. 

The  points  of  special  significance  in  regard  to  this  matarial  are:  (1) 
the  rdatively  longer  per^taice  of  the  occlusion  than  has  yet  been 
described  for  any  other  form;  (2)  the  abs^ice  of  contributory  yolk  in 
the  stenosed  area;  (3)  close  relation  to  the  point  of  origin  of  the  req>ira- 
tory  anlagBy  which  fact  may  disclose  its  possible  functional  significance. 

Balfour  was  the  first  (1878)  to  describe  a  similar  phenomenon  in  the 
esc^rfiagus  of  certain  selachii.  Kreuter  (1903)  confirmed  these  obs^r- 
vati(»is  in  the  case  of  PrisHurus  and  Torpedo.  Dean  (1897)  reports 
a  solid  esophagus  in  larvsB  of  Amia  ccdva.  An  occluded  esophagus  is 
said  to  occur  also  in  certain  bony  fishes — e.  g.,  herring,  trout,  salmon 
(Balfour,  Oppel).  In  cyclostomes  the  esophagus  remains  patent 
throughout  development  (Kreuter).  In  certain  amphibia  {Bufo, 
Rana)  the  esophagus  becomes  occluded,  in  part  through  the  medium  of 
contributory  yolk-globules  (Meuron,  1886) ;  and  the  same  is  true  for 
certain  reptiles  {Angxns  fragilis,  Oppd,  1891;  Lacerta,  Meuron,  1886). 
According  to  Meuron,  the  esophagus  of  the  chick  embryo  of  the  fifth 
day  is  occluded  for  a  length  of  115  microns,  but  regains  partial  patency 
again  in  the  sixth  day  through  the  appearance  of  vacuoles.  Lillie  de- 
scribes the  es<^hagus  of  the  chick  embryo  as  completely  occluded 
immediately  b^iind  the  gk>ttis  from  the  eighth  to  the  eleventii  day, 
^' owing  to  proliferation  of  the  lining  cells." 

Elreuter  (1905)  was  the  first  to  describe  an  epithelial  obliteration  of 
the  esophageal  lumen  in  the  human  embryo,  contrary  to  the  teaching 
of  Kollmann  and  other  embryologists  that  no  solid  stage  of  the  esopha- 

347 


348  Papers  from  the  Department  of  Marine  Biology. 

gU8  occurred  in  TnAininalR  and  in  man.  Kreuter  describes  also  similar 
obliterated  areas  in  the  mid-gut  and  hind-gut  of  fetuses  between  the 
foiuiii  and  tenth  weeks.  In  four  human  embryos,  measuring  from  8.4  to 
16  nmi.,  Lewis  (1912)  describes  an  esophagus  whose  lumen  is  pervious 
throughout;  however,  he  describes  vacuoles  in  the  ^ithdial  lining  cl 
these  stages  similar  to  those  described  by  Kreuter  as  stages  in  the 
opaiing  of  the  solid  esophagus.  But  he  regards  an  atresia  of  the 
esophagus  in  the  human  embryo  as  abnormal  at  all  stages  (p.  368). 

It  would  seem  that  an  embryonic  normal  atresia  of  the  e8(^)hagus  is  a 
widespread  phenomenon  among  vertdnates,  and  is  essentially  similar 
from  elasmobranch  fishes  to  man. 

The  phenomenon  has  not  jret,  as  far  as  I  am  aware,  be^i  described  for 
turtles,  a  circumstance  which  adds  to  the  inta-est  ol  ibis  investigation; 
nor  have  its  intimate  spatial  relationship  to  the  reepiratory  anlage  and 
its  probable  functional  significance  been  hitherto  pointed  out. 

This  woiiL  is  based  chi^y  on  embryos  of  the  loggarhead  turtle, 
Caretta  (Thalaeeochelye)  carettaf  but  enou^  has  been  ne&i  also  in 
embryos  of  the  snapping  turtle  (Chdydra  serpentina)  and  of  Ckry^emys 
marginata  to  warrant  the  statanent  that  in  these  forms  a  substantialty 
identical  process  occurs. 

In  occasional  pig  embryos  also,  from  8  to  12  mm.  lengtli,  I  have 
noticed  shcnt  areas  of  occlusion  in  the  esophagus. 

More  or  less  extensive  atresia  occurs  also  in  the  stomach,  duodomm, 

and  other  portions  of  the  small  intestine,  large  intestine,  and  rectum 

in  certain  of  the  above-named  forms,  especially  in  mammals.    Of  tliese 

regions  the  duodenum  is  most  commonly  occluded.    The  character  ci 

the  occlusion  and  the  manner  of  the  reestablishment  of  patency  are 

in  general  here  also  throu^  the  agency  of  originaUy  discrete  inter- 

^ithelial  vacuoles  which  gradually  coalesce.    In  the  turtle  Caretta  no 

other  portions  of  the  alimentary  tract  wae  at  any  stage  similarly 

occluded. 

MATERIAL 

The  material  consists  of  a  series  of  26  loggerhead-turtle  embryos 
ranging  from  the  second  to  the  thirty-second  day  of  incubation.  It  was 
collected  in  the  summer  of  1914  during  a  visit  to  the  Laboratory  of 
Marine  Biology  of  the  Carnegie  Institution  of  Washington,  located 
on  Loggerhead  Key,  Florida.  I  am  greatly  indebted  to  Dr.  Alfred 
G.  Mayer  for  the  excellent  facilities  afforded  for  securing  and  preserving 
a  large  number  of  specimens,  approximately  200. 

Two  fixing  fluids  were  employed  almost  exclusively,  namely,  the 
Zenker-formol  modification  of  Helly  and  the  strong  chrom-aceto- 
osmic  solution  of  Flemming.  After  the  Helly  fixation,  different  sets 
of  sections  were  variously  stained  with  the  Giemsa  solution,  the  iron- 
hematoxylin  mixtures  of  Heidenhain,  and  the  Delafield's  hematoxylin 
and  eosin  combination. 
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DESC31IPTIVE. 

In  embryos  up  to  the  end  of  the  eleventh  day  the  lumen  of  the 
esophagus  is  still  patent,  but  the  epithelial  lining  is  greatly  thickened 
dorsally  and  the  lumen  is  in  consequence  constricted  (fig.  1).^  Dorsally 
the  lining  epitheliiun  consists  of  about  7  layers  of  spheroidal  cells; 
ventrally  it  is  only  3  to  4  layers  thick,  and  the  cells  are  cylindrical. 
Figure  1  is  taken  at  the  level  of  the  oral  end  of  the  laryngo-tracheal 
evagination.  Figure  2  is  taken  150  microns  caudally,  at  the  point  of 
bifurcation  of  the  trachea  into  the  bronchi.  These  levels  are  important 
landmarks,  for  they  are  approximately  the  limits  of  the  later  atresia. 
It  should  be  noted  also  that  the  laryngo-tracheal  anlage  at  this  stage 
is  patent  throughout;  at  later  stages  the  epithelial  thickening  may 
occasionally  involve  also  its  orifice  and  cause  a  temporary  occlusion. 
Mitosis  is  very  extensive  among  the  entodermal  lining-cells  of  this 
region,  especially  centrally. 

By  the  end  of  the  twelfth  day  the  esophagus  is  practically  solid 
(fig.  3)  from  the  level  of  the  origin  of  the  tracheal  anlage  to  the  point 
of  its  bifurcation,  about  250  microns.  A  minute  central  opening, 
approximately  the  diameter  of  a  nucleus  of  the  surroimding  cells,  may 
remain.  By  the  thirteenth  day  this  opening  also  has  become  closed. 
At  this  stage  the  trachea  is  open  throughout.  This  stage  is  of  prime 
importance,  for  it  shows  the  manner  of  closure  of  the  esophageal  tube. 

During  succeeding  days  the  extreme  proximal  end  of  the  trachea 
(larynx)  becomes  solid,  as  well  as  the  esophagus  between  the  limits  of 
the  origin  and  bifurcation  of  the  trachea.  At  the  end  of  the  sixteenth 
day  the  esophageal  atresia  extends  through  1,680  microns,  from  a 
medial  pharyngeal  stenosis  300  microns  behind  the  point  of  origin  of  the 
laryngo-tracheal  tube  to  720  microns  behind  the  point  of  its  bifurcation. 
Figure  4  is  of  the  cephalic  extremity  of  the  atresia,  and  shows  also  the 
atretic  condition  of  the  trachea  proximally.  Figure  5  is  of  a  section 
300  microns  caudal  to  figure  4.  Vacuoles  occiu*  among  the  epithelial 
cells  centrally;  such  are  present  to  the  point  of  transition  into  the 
stomach  through  1,380  microns  (fig.  6). 

In  the  25-day  embryo  the  esophagus  is  closed  through  2,650  microns. 
The  initial  point  of  closure  is  medially  just  behind  the  laryngeal  open- 
ing. As  compared  with  earlier  stages  (e.  g.,  the  16-day  embryo),  it 
seems  that  the  cephalic  extremity  of  earliest  closure — i.  e.,  over  or  just 
behind  the  tracheal  opening — ^has  shifted  slightly  caudally  so  as  to 
leave  the  trachea  (larynx)  freely  pervious  anteriorly  to  the  closed 
esophagus.  The  medial  (pharyngeal)  closure  rapidly  spreads  laterally, 
so  that  within  100  microns  the  laterally  wide,  dorso-ventrally  much 
compressed  esophagus  is  completely  closed,  except  for  the  lateral 
extremities,  which  contain  a  small  central  aperture.    These  lateral 

^The  photomicrographs  were  made  by  Mr.  William  S.  Dimn,  Cornell  University  Medical 
School.  New  York. 
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aperturee  persist  through  about  600  microns,  the  extrranities  having 
meanwhile  bent  ventrally,  giving  the  esophagus  through  about  600 
microns  a  wide  crescent-^iape,  about  200  microns  behind  whidi  p(»nt 
vacuoles  begin  to  appear  within  the  ^thelial  lining.  These  vacuoles 
increase  in  number  and  in  sixe,  and  coalesce  towards  the  caudal 
extremity.  Figure  7  is  taken  at  the  point  of  toansition  from  the 
esophagus  to  the  stomach. 

In  the  32-day  embryo  the  originally  solid  esophagus  is  fenestrated — 
except  for  the  extreme  anterior  ext^at,  about  100  micrc»is,  just 
behind  the  (^)^iing  of  the  larynx — because  of  numerous  vacuoles, 
which  oilarge  and  coalesce  caudally.  Figure  8  is  iskea  from  the 
point  of  transition  to  the  stomach.  This  portion  of  the  esophagus  has 
the  appearance  of  a  meshwork  with  large  irregular  areolse  and  delicate 
nucleated  trabecuke  (fig.  9).  It  suggests  somewhat  notochordal  tissue 
of  an  embryo  of  about  the  16-day  stage*  The  es(^>hagus  is  closed 
medially  in  a  manner  similar  to  earlier  stages,  110  micnHis  behind  the 
opening  of  the  trachea  (larynx  into  pharynx).  It  is  completely  closed 
except  for  minute  lateral  canals  for  100  microns.  The  stenosed 
(vacuolated)  area  extends  through  5.33  mm. 

In  5  embryos  of  Chdydra  serpentina  examined  the  facts  are  as  follows: 
In  a  4.2-mm.  embryo  the  esophagus  is  open  throughout.  In  a  6-mm. 
embryo,  which  corresponds  closely  in  development  to  the  13-day 
Caretta  embryo,  the  esophagus  is  solid  from  a  point  just  behind  the 
origin  of  the  tracheal  anlage  to  its  bifurcation,  through  670  microns. 
In  another  6  mm.  embryo  the  solid  esophagus  opens  again  240  microns 
short  of  the  bifurcation  of  the  trachea,  extending  through  only  580 
microns.  In  a  7-mm.  embryo  the  esophagus  is  solid  for  560  microns, 
from  a  point  150  microns  behind  the  original  tracheal  evagination  to  a 
point  slightly  forward  of  the  bifurcation.  In  another  7-mm.  embryo  the 
esophagus  is  closed  from  a  point  240  microns  behind  the  connection 
with  the  trachea  to  a  point  80  microns  forward  of  the  bifurcation, 
through  800  microns.  In  both  the  6  mm.  and  7-mm.  ^nbryos  niuner- 
ous  vacuoles  occur  in  the  epithelial  lining.  Practically  identical  con- 
ditions prevail  in  Chrysemys  marginata.  In  the  older  embryos  the  prim- 
itive glottis  also  becomes  obliterated  through  apposition  and  fusion 
of  its  lateral  walls. 

From  the  above  it  appears  that  after  the  elev^ith  day  of  incubation 
the  esophagus  of  Caretta  is  solid  throughout  a  greater  or  less  extent 
until  at  least  the  thirty-second  day  stage.  This  secondary  imperforate 
area  extends  from  about  the  point  of  the  connection  between  the  fore- 
gut  and  the  trachea  to  the  point  of  bifurcation  of  the  latter  into  the 
bronchi.  The  closure  of  the  originally  open  esophagus  is  accomplished 
in  part  by  cell-proliferation,  chiefly  in  the  dorsal  wall  of  the  esophagus, 
accompanied  by  a  dorso-ventral  compression  of  the  cylindric  tube  into 
one  of  rectangular  outline;  and  it  progresses  in  a  cephalo-caudal  direc- 
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tkm.  Tlie  reestabMiment  of  the  1uiim»i  b^inB  caudally  and  extends 
forwBxdR,  the  last  point  ot  op^iing  being  thus  at  the  laryngeal  level. 
The  opening  is  accomplished  by  a  process  of  vacuoUsation  of  the 
epitlielial  lining.  Judged  by  the  time  occupied  in  the  ^ective 
vaeuolizati<m  <rf  the  caudal  porticm  of  the  solid  esophi^us,  it  seans 
reasonable  to  suiqx)se  that  the  laryngeal  «m1  rramins  closed  until,  or 
near,  the  time  of  hatdiing.  A  mattar  of  cardiiml  impinrtance  ccmcems 
the  fact  that  the  first  point  to  close  in  the  primitiye  esoj^iagus  is 
raediaHy  at  or  just  behind  the  level  ot  the  tracheal  (laryngeal)  connec- 
tion, and  the  last  point  to  open  is  just  behind  this  same  level.  It 
would  seem,  on  the  basis  of  this  observaticm,  as  if  the  object  of  the 
transient  solidification  of  the  esophagus  was  to  close  the  opeoing  of  the 
trachea  during  the  greater  period  of  the  embryonic  development  at  the 
hmg  against  the  mid-  and  hind-gut  as  if  to  protect  the  lung  against 
materials  contained  in  the  gut-tube,  chiefly  yolk-globules. 

It  ranains  to  describe  in  detail  the  process  of  closure  and  the  subse- 
quent vacuohsation  of  the  atresia  whereby  the  lumen  becomes  re- 
established. For  this  purpose  anbryos  of  the  eleventh,  twelfth, 
sixteenth,  and  thirty-second  days  will  be  chi^y  employed.  In  the 
light  of  these  additicmal  details  tl^  hypothesis  above  suggested,  namely, 
that  the  solid  esophagus  in  the  turtle  CTfibryo  has  its  meaning  in  rela- 
tion to  the  devdoping  hing,  perhaps  im)tecting  it  against  t^  entrance 
of  yolk  and  other  material  from  the  gut,  will  be  discussed;  and  an 
attempt  will  be  made  to  corrdate  conditions  in  the  turtle  with  those 
described  for  other  vertebrate  forms,  and  to  interiH^t  the  occasional 
esc^hageal  st^ioeis  in  mammalian  CTibryos  in  terms  of  a  reptilian 
ancestry.  Exactly  the  same  series  of  stages,  as  indicated  by  the 
histologic  structure,  occius  in  the  esophagus  of  the  32-day  embryo 
in  a  cephalo-caudal  direction,  as  appears  in  the  greats  ext^t  of  tiie 
ee(^)hagus  of  embryos  of  successive  stages  of  development  as  repre- 
saited  in  the  11-  to  25-day  stages. 

The  esophagus  of  the  11-day  embryo,  as  stated  above,  is  open 
throu^out.  But  the  lumen  has  become  considerably  narrowed  by 
reason  of  an  increase  in  the  number  of  layers  of  the  lii^ng-cells.  The 
number  of  layers  dorsally  varies  from  seven  to  nine,  cell  boimdaries 
being  indistinct.  The  two  outermost  and  the  two  innermost  layers 
consist  of  cylindrical  cells;  the  remaining  layers  comprise  diiefly 
polyhedral  and  spheroidal  cells.  Division,  botii  mitotic  and  appar- 
ently amitotic,  is  most  active  among  the  cells  of  these  intermediate 
layers.  Tlie  numb^  of  cell-layers  ventrally  and  lining  tlie  laryngo- 
tracheal groove,  as  indicated  by  the  numbar  of  layers  of  nuclei,  is  four; 
but  this  portion  of  the  epithelium  is  apparently  for  the  most  part  a 
pseudo-stratified  columnar  type.  Mitotic  figures  are  most  niunerous 
among  the  central  layers  of  nuclei — ihsA  is,  next  the  liunen. 
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Where  the  wide  phaiynx  paaseB  Into  the  ond  end  <rf  the  esophagus 
the  lumen  becomes  triangular  in  cross-section,  the  base  directed 
dorsally.  The  esophagus  at  this  level  is  lined  by  5  to  6  layers  of 
oells  throughout.  The  peripheral  and  central  cells  are  cylindrical  in 
shape,  those  of  the  intermediate  layers  have  a  polyhedral  form,  and 
many  of  the  latter  are  in  mitosis.  At  a  slightly  lower  level  tiie  dcursal 
portion  of  the  lining  epithelium  thickens,  while  in  the  ventral  portion, 
u  e.,  along  tlie  tracheal  evagination,  the  ^ithelium  becomes  somewhat 
thinned.  The  shape  of  the  lumen  at  this  level,  including  here  in  con- 
tinuity a  portion  belonging  to  the  esophagus  proper  and  a  portion 
belonging  to  the  h^yngo-tracheal  groove,  is  oval  in  transection, 
flattened  from  side  to  side. 

At  the  level  of  bifurcation  of  the  trachea  the  lumen  of  the  es<^hagu8 
has  a  narrow,  spindlenahaped  outline,  compressed  from  side  to  side. 
This  lumen  is  lined  by  a  pseudo-stratified  columnar  epitiieliimi,  con- 
taining 4  rows  of  nuclei  dorsiUly  and  2  to  3  ventrally.  The  res- 
piratory anlage,  of  rectangular  outline,  flattened  dorso-vraitrally,  is 
lined  by  a  similar  type  of  epitheliimi  with  about  3  rows  of  nudeL 
Mitosis  is  active  among  the  cells  immediately  surrounding  the  lumen. 
Terminal  bars  are  conspicuous,  especially  in  the  toacheal  anlage* 

The  ventral  laryngo-tracheal  groove  becomes  separated  from  the 
primitive  esophagus,  and  is  consequently  converted  into  a  tube,  by  a 
process  involving  the  approximation  and  ultimate  fusion  of  bilateral 
mesenchymal  plates,  which  process  extends  in  a  caudo-oral  direction. 
In  the  area  of  the  advancing  residual  connection  between  the  separating 
tracheal  and  esophageal  tubes,  t.  e.,  at  the  level  at  constriction  pre- 
ceding the  separation,  the  cells  are  evidently  under  considerable  pres- 
sure. The  nuclei  are  in  general  much  smaller,  of  very  variable  siae, 
and  greatly  crowded.  They  are  spheroidal  in  outline  and  many  show 
signs  of  degeneration.  Msaiy  of  these  nuclei  are  vesicular  and  prac- 
tically achromatic,  except  for  a  relatively  large  and  very  chromatic 
nucleolus.  None  of  these  cells  are  in  mitosis,  but  many  of  the  nuclei 
are  at  some  phase  of  amitotic  division.  In  the  surrounding  mesen- 
chyme, however,  especially  in  the  plates  which  invaginate  the  eso- 
phageo-tracheal  tube  in  the  process  of  separation,  mitosis  is  very  active. 
Along  the  line  of  separation,  the  nuclei  in  the  ventro-medial  epithelium 
of  the  esophagus  and  in  the  dorso-medial  epithelium  of  the  trachea  are 
much  smaller,  more  nearly  spherical,  and  more  crowded  than  elsewhere 
in  these  tubes.  A  few  smaller  spheroidal  yolk-globules  are  present  in 
the  lining-cells  of  both  the  esophagus  and  trachea  at  these  stages,  but 
they  are  relatively  more  nimierous  in  the  esophageal  epithelium. 

In  the  12-day  embryo  the  esophagus  practically  lacks  a  lumen 
(fig.  3).  At  the  level  just  behind  the  point  of  connection  between 
the  primitive  esophagus  and  the  trachea  (definitive  pharynx  and 
larynx)  the  narrow  circular  Imnen  of  the  trachea  is  lined  with  3  to  4 
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layers  of  cells,  some  of  which,  especially  centrally,  are  in  mitosis. 
The  esophagus,  just  cephalad  of  this  point  {i.  e.,  in  the  region  of  the 
glottis)  has  a  T-shaped  lumen,  lined  dorsally  with  about  9  layers  of 
cells,  of  cylindric  form  peripherally  and  centrally  and  of  polyhedral 
form  in  the  intermediate  layers.  Viewed  as  a  whole — i.  e.,  the  limien  and 
its  ceUa — ^the  esophagus  is  still  more  distinctly  T-shaped,  the  cross-bar 
in  the  esophagus  proper  being  about  equal  to  or  even  greater  in  length 
than  the  stem  or  the  laryngeal  anlage. 

At  the  level  here  illustrated,  figure  3,  the  minute  central  opening 
of  the  esophagus  is  surrounded  by  only  3  to  4  layers  of  cells,  as  indi- 
cated by  the  rows  of  nuclei.  By  the  thirteenth  day  even  this  capillary 
lumen  is  obliterated  and  the  esophagus  is  completely  closed  for  about 
0.5  mm.  This  closure  is  apparently  effected  by  a  process  of  lateral 
traction  (or  possibly  dorso-ventral  compression)  upon  the  originally 
cylindric  tube,  causing  thus  a  change  in  shape  of  the  Imnen  from  an 
oval  or  a  circular  to  a  horizontal  cleft  form.  This  mechanical  factor 
is  assisted  by  the  larger  number  of  cell-layers  dorsiUly,  the  result  of 
greater  proliferative  activity,  and  accomplishes  finally  a  close  apposi- 
tion and  ultimate  fusion  of  the  dorsal  and  ventral  walls.  One  small 
lateral  vacuole  was  seen  in  the  epithelial  lining  of  the  stenoeed  esoph- 
agus at  the  12-day  stage;  at  the  13-day  stage  three  lateral  vacuoles 
had  appeared. 

The  central  area  of  the  closed  esophagus  of  this  stage  consists  of 
irr^^ular  stellate  cells,  resembling  a  compact  mesenchymal  reticulum. 
These  cells  come  chiefly  from  the  dorsal  thicker  wall,  and  represent 
modification  products  of  originally  cylindric  cells. 

At  the  16-day  stage  of  development  the  esophagus  is  closed  for 
i4>proximately  1.5  nmi.  At  the  most  anterior  point  of  occlusion  the 
pharynx  is  wide  and  somewhat  crescentic,  with  the  concavity  directed 
ventrally.  The  occluded  area  at  this  level  occupies  only  the  smaller 
medial  portion  of  the  wide  pharynx  at  the  point  where  it  passes  into 
the  esophagus.  The  larynx  at  this  level  has  an  oval,  slit-like  lumen, 
compressed  laterally  and  lined  with  a  pseudo-stratified  columnar 
epithelium  containing  2  to  4  rows  of  oval  nuclei,  many  of  which  cen- 
trally are  in  mitosis.  The  pharynx  is  lined  with  colimmar  epithelium 
(apparently  pseudo-stratified)  with  3  rows  of  nuclei,  oval  in  shape 
peripherally  and  centrally.  At  the  most  cephalic  point  of  the  closure 
the  pharynx  remains  widely  open  laterally.  Only  a  few  mitotic 
figures  appear  among  these  cells.  In  the  median  fused  area  the 
central  cells  are  of  irregular  shape,  with  spheroidal  nuclei,  and  form  a 
mesenchyme-like  syncytium.  At  this  stage  the  glottis  is  closed  for 
a  short  distance,  due  probably  to  the  pressure  exerted  upon  this  por- 
tion of  the  tube  by  the  surrounding  mesenchyme  in  the  process  of  final 
cephalic  division  of  this  portion  of  the  fore-gut  into  esophagus  and 
trachea.    The  fusion  of  the  lateral  walls  of  the  lamyx  and  the  conse- 
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quent  obliteration  of  the  lumen  are  probably  due  in  part  also  to  the 
arytendd  swellings  just  ai^>earing  in  this  regicm. 

Vacuoles  first  appear,  dther  singly  or  in  groups,  centrally  and  lat^v 
ally.  These  are  the  areas  -wh&re  the  fusion-reticuhun  is  origioaUy 
less  d^ise,  because  here  the  miginal  lummi  persisted  longest.  As  the 
vacuoles  form,  the  nuclei  of  the  syncytium  beocMne  disposed  in  the 
manner  of  an  epithelium  around  these  qMces,  as  if  rearranged  under 
pressure  from  within  the  vacuoles.  The  wiginal  smaller  vaewdes 
grow  in  size  and  coalesce  with  adjacent  vacuoles.  Only  v^ry  rarely 
is  a  mitotic  figure  seen  among  the  central  cdls.  Mitosis  is  di^t  at 
this  stage,  also  amcmg  the  peripheral  cells.  An  extremely  small, 
practically  nej^igible,  amount  of  ceU-degeoeration  occurs  among  the 
central  cells.  Tlie  vacuoles  tend  to  become  confluent  in  a  lat«^ 
direction;  they  are  apparency  empty  and  c<mtain  no  coaguhim  in 
stained  sections.  Their  flfrf^roidal  shape  and  the  manner  of  the 
arrangem^it  of  the  enveloping  cells  leave  no  room  for  doubt,  however, 
that  they  were  formed,  at  least  in  large  part,  under  the  influaice  <rf  a 
fluid  pressure. 

In  the  25-day  embryo  the  vacuoles  are  larger  and  more  numerous, 
and  they  increase  in  munber  and  sixe  caudally,  where  a  fenestrated 
condition  of  the  atretic  lumen  has  become  established. 

Coincident  with  this  fenestration,  the  enveloping  mesenchyme 
(tela  submucosa)  of  the  esophagus  has  become  looser  and  more  vascu- 
lar, thus  permitting  more  readily  an  expansion  of  the  tube  under  the 
pressure  produced  internally  during  the  formation  ot  the  vacuoles. 
This  expansion  is  assisted  also  no  doubt  by  the  growth,  as  indicated 
by  extensive  mitotic  activity,  of  the  peripheral  portion  of  the  wall, 
and  possibly  in  part  also  by  external  traction  exerted  by  the  growii^; 
mesenchyme. 

At  the  32-day  stage  the  lumen  of  the  esophagus  is  in  the  fenestrated 
condition  throughout  its  greater  extent,  only  the  most  cephalic  por- 
tion remaining  practically  solid.  The  lumen  appears  to  be  spanned 
across  by  delicate  nucleated  septa  with  lateral  anastomoses.  Where 
the  septa  join  the  main  wall  of  the  himen  they  spread  into  triangular 
multinucleated  bases.  There  is  no  sign  of  d^eo^ration  among  the 
nuclei  of  these  septa — in  fact,  a  munber  of  the  nuclei  may  be  in  process 
of  either  mitotic  or  amitotic  division.  The  trabecule  are  subse- 
quently simply  drawn  into  the  peripheral  portions  of  the  wall  and  grad- 
ually incorporated  among  the  entodermal  cells  of  the  lining  epith^um. 
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DISCUSSION. 

A  complete  disciission  of  the  phenomenon  of  esophageal  atresia  here 
described  must  take  mto  special  consideration  the  following  facts: 

(1)  The  inception  of  the  atresia  at  the  12-day  stage  is  coincident 
with  the  eariy  stages  of  the  formation  of  the  respiratory  anlages. 

(2)  Tlie  initial  point  of  stenosis  is  spatially  very  closely  related  to 
the  orifice  of  the  developing  laryngo-tracheal  tube. 

(3)  The  transient  solidification  of  the  esophagus  progresses  in  a 
caudal  direction,  while  the  reestablishment  of  patency  progresses  in 
the  opposite  dilution. 

(4)  The  early  stenosis  of  the  esophagus,  from  the  eleventh  to  the 
twelfth  day,  results  largely  from  an  alteration  in  the  shape  of  the 
esophagus,  from  a  tube  approximately  circular  in  crossHsection  to  one 
flattened  dorso-ventrally  into  a  rectangular  structure  with  at  first  a 
slit-like  lumen  and  later  a  minute  central  circular  aperture;  the  stenosis 
becomes  an  atresia  at  the  thirteenth  day  through  a  fusion  of  the  dorsal 
and  ventral  walls,  the  cells  involved  becoming  converted  into  a  mesen- 
chyme-like  syncytium;  this  process  is  assisted  by  the  increase  in  the 
number  of  cell-layers  dorsally,  where  mitotic  activity  is  extensive; 
the  factors  involved  in  the  change  of  shape  of  the  esophagus  are 
largely  mechanical,  incidental  to  inherent  and  extraneous  tissue  growth, 
the  chief  element  in  forcing  the  growth  of  the  esophageal  tube  into  an 
adaptive  rectangular  form  being  most  probably  the  denser  bilateral 
mesenchymal  plates  by  whose  medial  approximation  and  fusion  the 
original  esophageo-respiratory  anlage  becomes  converted  into  the 
esophageal  and  tracheal  tubes. 

(5)  The  esophageal  atresia  involves  also  a  transient  stenosis  and 
atresia  of  the  oral  end  (glottis)  of  the  respiratory  anlage. 

(6)  The  definitive  perforate  esophagus  becomes  established  by  a 
process  involving  the  transformation  of  certain  "intercellular"  spaces 
in  the  central  syncytimn  into  spherical  vacuoles,  and  the  enlargement 
and  confluence  of  these  to  form  larger  irregular  areolse;  at  this  stage 
(32-day)  the  relatively  wide  esophageal  lumen  is  spanned  by  delicate 
nucleated  septa;  these  septa  are  ultimately  drawn  into  the  expanding 
peripheral  wall  and  here  incorporated  with  practically  no  tissue 
degeneration;  the  earlier  spherical  shape  of  the  vacuoles  and  the  dis- 
position of  the  nuclei  around  these  spaces  indicate  their  formation 
under  the  influence  of  an  internal  fluid  pressure,  but  no  coagulum 
appears  in  fixed  and  stained  tissues;  the  processes  of  later  vacuolization 
and  incorporation  of  the  intra-limwial  septa  by  the  peripheral  wall 
are  probably  largely  the  results  of  the  growth  expansion  of  the  eso- 
phageal tube  resulting  from  active  proliferation  of  the  lining-cells  and 
assisted  by  the  now  very  loose  and  vascular  enveloping  mesenchyme, 
the  primitive  submucosa  of  the  esophagus. 
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(7)  The  lumen  of  the  esophagus  is  still  occluded  just  bdiind  the 
laryngeal  orifice  at  the  32-day  stage  and  no  doubt  remains  stenosed 
until  near  the  close  of  the  incubation  period  (56  days). 

(8)  All  forms  in  which  an  extensive  atresia  of  the  esophagus  has 
been  reported  (elasmobranchii,  bony  fishes,  amphibians,  certain  rep- 
tiles, chick)  have  the  gut  open  to  a  huge  yolk-sac  during  the  greater 
portion  of  the  incubation  period. 

The  above-eniunerated  facts  would  seem  to  show  conclusively  that 
in  the  Caretla  embryo  the  temporary  atresia  of  the  esc^hagus  is  a 
normal  phase  of  the  developmental  process.  This  is  probably  true 
also  of  all  forms  with  large  yolk-sacs.  The  occasional  esophageal 
constrictions,  stenoses,  and  atresias  in  the  pig  embryo,  other  mamma- 
lian embryos,  and  in  man  (a  normal  phenomenon  according  to  Kreuter, 
abnormal  according  to  Lewis)  probably  have  their  explanation  in 
terms  of  their  reptilian  ancestry.  These  conditions  in  mammals  are 
apparently  very  variable  and  any  discussion  as  to  their  normality  or 
abnormality  in  these  embryos  seems  of  small  value.  Congenital 
stenoses  or  atresias  of  the  esophagus  in  hmnans,  as  Ereuter  has  already 
suggested,  represent  most  likely  a  persistence  or  exaggeration  of  a 
normal  phase  of  embryonic  development. 

A  suggestion  of  the  teleological  significance  of  this  temporary 
atresia  of  the  esophagus  in  Caretta  may  be  obtained  by  seeking  to 
disclose  what  is  actually  accomplished  by  the  phenomenon.  Ob- 
viously, it  closes  the  respiratory  anlage  against  the  more  solid  contents 
of  the  gut  diuing  the  greater  portion  of  the  incubation  period.  That 
the  relation  of  the  obliteration  of  the  Imnen  of  the  esophagus  is  close 
to  the  development  of  the  respiratory  anlage  is  strongly  indicated  by 
the  following  facts: 

(1)  Its  first  appearance  about  the  time  the  laryngo-tracheal  groove 
begins  to  be  separated  from  the  esophagus  and  at  or  just  behind  the 
later  orifice  of  the  larynx. 

(2)  The  extension  of  the  atresia  even  into  the  glottis. 

(3)  The  persistence  of  the  atresia  orally  until  nearly  the  end  of  the 
incubation  period,  when  the  limg  is  already  greatly  developed,  and 
the  yolk  is  almost  entirely  digested. 

It  is  difficult  to  avoid  the  inference  that  the  temporary  solidification 
of  the  esophagus  is  a  device  to  protect  the  developing  lung  against  the 
invasion  from  the  gut  of  yolk-globules.  The  respiratory  anlage,  being 
a  derivative  of  the  primitive  esophagus,  is  originally  lined  by  an  epithe- 
lium which  retains  in  part  the  ability  to  digest  yolk  material;  but  soon 
after,  as  it  becomes  more  and  more  differentiated  into  the  respiratory 
type  of  entodermal  epithelium,  it  must  more  and  more  lose  the  capacity 
for  digesting  crude  yolk  material.  It  seems  reasonable  to  suppose 
that  large  quantities  of  yolk-globules  within  the  pulmonary  anlages 
would  seriously  interfere  with  their  normal  development.    That  this 
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is  actaally  the  correct  interpretation  of  the  significance  of  the  solid 
esophagus  in  forms  with  telolecithal,  eepedally  meroblastic,  eggs  could 
be  definitely  established  only  on  the  basis  of  experimental  evidence; 
but  lacking  such,  the  available  facts  speak  strongly  in  favor  of  such  a 
view.  In  forms  with  meiolecithal  eggs  such  a  protective  mechanism 
against  gut-yolk  is  superfluous;  and  it  is  apparently  lacking  esxoeipi,  in 
sligjit  and  variable  d^ree.  A  congenital  atretic  esophagus  in  mammals 
could  be  explained  in  terms  of  the  persistence  or  exaggeration  of  a 
normal  or  anomalous  embryonic  condition,  the  ontog^ietic  expression 
of  a  phylogenetic  experience. 

As  already  described,  the  obliteration  of  the  esophageal  lumen 
(contrary  to  Kreuter)  is  only  partly  the  result  of  excessive  cell  pro- 
Uferation,  this  being  limited  to  the  dorsal  wall.  The  chief  factor  is 
a  change  in  form  of  the  cylindric  tube,  effected  by  the  growth  of  the 
esophagus  operating  against  the  confining  plates  of  denser  mesenchyme, 
^diich  brings  about  the  separation  of  the  ventral  portion  of  the  original 
esophageo-tracheal  anlage  to  form  the  laryngo-tracheal  tube.  The 
thickened  dorsal  and  the  ventral  walls  of  the  esophagus  are  thus 
brought  into  apposition  and  finally  fuse,  thus  obliterating  the  liunen 
by  a  central  syncytium. 

Contrary  to  what  one  might  expect  a  priorty  the  lumen  of  the 
esophagus  is  reestablished  without  any  tissue  degeneration.  This 
statement  is  in  agreement  with  the  observations  both  of  Kreuter  and  of 
Lewis  for  hmnan  embryos.  Lewis  believes  that  the  constricted  lumen 
of  the  esophagus  in  the  human  embryo  becomes  enlarged  by  a  process 
involving  a  shifting  of  mitotic  activity  from  the  central  layer  of  cells 
to  the  peripheral  layers,  with  vacuoles  forming  as  incidental  inter- 
mediate phenomena.  In  the  Caretta  embryo  there  appears  no  striking 
evidence  to  indicate  that  such  a  process  enters  as  a  large  factor.  It 
is  true  that  in  the  stages  preceding  the  atresia  mitotic  figures  are  most 
niunerous  centrally,  and  again  that  during  the  reopening  of  the  lumen 
mitosis  is  extensive  among  the  peripheral  cells;  but  mitosis  is  by  no 
means  limited  to  these  regions,  and  the  relatively  slight  excess  in  one 
region  or  the  other  at  the  different  periods  seems  to  me  quite  insufficient 
to  accoimt  for  the  early  closure  and  the  later  vacuolization  of  the 
esophagus  in  the  Caretta  embryo. 

The  chief  factor  in  the  closing  process  is  the  change  in  shape  of  the 
lumen,  which  brings  the  dorsal  and  ventral  walls  into  contact  and 
results  in  a  fusion.  And  the  main  factor  in  producing  the  early 
vacuolization  would  seem  to  be  the  collection  of  fluid  in  the  '%ter- 
delhilar''  spaces  of  the  central  syncytial  mass.  The  earlier  vacuoles 
are  uniformly  spherical  and  the  cells  are  arranged  about  them  in  the 
manner  of  an  epithelium,  such  as  would  result  if  drops  of  fluid  grew 
in  size  among  compacted  cells.  The  irr^;ular  condition  of  the  later 
vacuolization  indicates,  however,  that  another  factor  now 
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chiefly  active — namety,  one  producing  tnictimi  upon  the  waib  <rf  the 
vacuolee  {rom  without — thus  dimnging  them  into  more  or  lesB  delicate 
and  anastomoeing  septa.  This  factor  is  no  doubt  inherent  in  the 
growth  of  the  drcumferenoe  of  the  eec^phagus,  the  mechanism  being 
enabled  to  exert  a  maximum  expansive  effect  by  reason  of  the  now 
very  loose,  widci  and  vascular  envek^nng  mes»[ichyme,  ibe  primitive 
tda  submucoea.  In  agreement  with  the  observations  o(  Kr^ter  and 
of  Lewis  in  the  case  of  human  embryos,  the  vacuoliaation  of  the  eso- 
phageal ^thdium  involves  no  tissue  degeneration  in  CareUa.  Occa- 
sional nuclei  of  the  septa  are  in  mitosis,  and  the  whole  meshwork, 
including  even  the  most  delicate  trabecul»,  is  ultunately  drawn  into 
the  peripheral  ^ithelial  wall  and  thus  incorporated  among  tiie  ^to- 
dermal  cells. 

SUMNfARY. 

1.  A  series  of  26  loggerhead-turtle  embryos,  ranging  from  the  second 
to  the  thirty-second  day  of  incubation,  were  available  for  this  study. 
Atresia  of  the  esophagus  is  initiated  during  the  twelfth  day  of  incu- 
bation. The  observations  are  made  chiefly  on  the  11,  12,  13,  16,  20, 
25,  and  32  day  stages,  and  the  conclusions  are  based  chiefly  on  this 
selected  material. 

2.  During  the  tenth  and  eleventh  days  of  incubation  the  ^ithelial 
lining  of  the  oral  end  of  the  esophagus  (esophageo-respiratory  anlage) 
thickens  greatly  dorsally,  the  result  of  extensive  cell  proliferation  in 
this  region.  During  the  twelfth  day  the  cylindric  tube  of  the  esophagus 
becomes  compressed  dorso-ventrally,  thus  bringing  the  dorsal  and 
ventral  epithelial  walls  in  close  apposition.  Only  the  minutest  central 
lumen  persists  in  the  oral  end  of  the  esc^hagus  for  a  distance  of  about 
0.25  mm.  During  the  thirteenth  day  the  oral  end  of  the  esophagus 
is  rectangular  in  cross-section  and  completdy  solid  for  a  distance  of 
about  0.5  mm.  The  apposed  central  cells  have  fused  and  have  formed 
a  plug  of  tissue,  essentially  a  mesenchyme-like  syncytium. 

3.  The  initial  point  of  atresia  is  ovety  or  just  hehindy  the  orifice  of 
the  separating  laryngo-tracheal  anlage;  and  its  inception  is  coincident 
with  the  earliest  stage  in  the  division  of  the  original  esophageo- 
respiratory  anlage  into  an  esophageal  and  a  laryngo-tracheal  tube. 
By  the  sixteenth  day  the  atresia  has  extended  into  the  orifice  of  the 
l^ynx,  due  in  part  perhaps  to  pressure  exerted  by  the  lateral  arytenoid 
swellings. 

4.  The  chief  factor  in  the  temporary  closure  of  the  originally  open 
esophagus  is  the  change  in  shape  of  the  esophagus  from  a  tube  approxi- 
mately circular  in  cross-section  to  a  structure  of  wide  rectangular  form 
with  at  first  a  slit-like  liunen  and  finally  a  minute  central  aperture. 
The  cause  of  the  change  in  shape,  upon  which  the  obliteration  of  the 
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hiinen  largely  depends,  is  the  oombinatioii  of  growth  wiUiin  the  esoph- 
agus in  composition  to  the  d^is^  lateral  mes^iehynud  plates,  by  the 
invasion  and  medial  fusion  of  which  the  laryngo-tradieal  groove 
becomes  oonverted  into  a  tube  and  incidentally  separated  from  the 
eec^hagus  distally.  This  process  is  as^sted,  as  concerns  the  oUit«ra- 
tkm  of  the  esophageid  lumen,  by  the  active  cdl  proliferation  in  the 
dorsal  wall  of  tiie  esophagus. 

5.  In  the  16-day  embryo  the  atresia  of  the  esophagus  extends 
through  about  1,500  microns.  Beyond  the  oral  end  vacuoles  b^;in  to 
form  in  the  lining  epitheUum.  These  represent  dilated ' 'intercellular" 
spaces  chiefly  within  the  central  syncytial  plug  of  tissue.  They  in- 
crease in  number,  and  enlarge  caudally,  where  they  become  confluent. 
During  succeeding  stages  this  process  of  vacuolization  continues, 
until  at  the  32-day  stage  only  the  extreme  oral  end  of  the  esophagus 
remains  closed. 

6.  Both  the  closure  and  the  reestablishment  of  the  lumen  of  the 
^nbryonic  esophagus  involve  mechanical  as  wdl  as  growth  [Ht>ces8es, 
but  are  normal  for  a  certidn  stage  of  the  embryonic  developm^it. 
The  closure  is  not  largely  dependent  upon  intrinsic  cell-division,  and 
the  fenestration  process  involves  no  tissue  degaieration  or  rescnrption. 
The  level  of  initial  closure  and  the  level  of  final  proration  are  approxi- 
mately the  same — ^namely,  the  laryngeal  level  of  the  esophagus. 

7.  In  the  process  of  vacuolization  upon  which  the  opening  of  the 
temporarily  stenosed  esophagus  depends,  the  larger  sph^cal  vacuoles 
are  drawn  into  irregular  spaces  as  if  through  tracticm  exerted  from 
without.  This  traction  no  doubt  inheres  in  the  growing  and  expanding 
periphery  of  the  esophagus.  The  esophagus  now  has  a  fenestrated 
appearance  in  section;  its  liunen  is  spanned  by  more  or  less  delicate 
nucleated  septa  which  may  anastomose,  giving  to  the  whole  the  appear- 
ance of  a  wide-meshed  syncytium.  Ultimately  the  trabeculse  are 
drawn  into  the  lining  epithelium  and  their  nuclei  incorporated  among 
the  entodermal  cells  of  the  mucous  lining. 

8.  The  temporary  atresia  of  the  esophagus  in  the  Caretta  embryo 
would  appear  to  be  a  device  for  the  protection  of  the  lung  during  its 
development  against  yolk  material  from  the  gut,  which  material  could 
not  be  digested,  but  would  interfere  with  normal  development  of  the 
lung. 

9.  This  hypothesis  can  comprehend  and  correlate  conditions  in 
embryos  of  forms  with  meroblastic,  holoblastic  telolecithal,  and  aleci- 
thal  eggs.  Where  yolk  is  very  abundant,  as  in  the  meroblastic  eggs 
of  fishes,  reptiles,  and  birds,  the  atresia  is  relatively  extensive  and  of 
longer  duration;  in  amphibia  the  closure  is  largely  of  the  nature  of  a 
st^osis  in  which  yolk-globules  are  involved,  probably  in  process  of 
digestion,  while  their  forward  progress  is  delayed  by  reason  of  the  con- 
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strietad  himen.  In  most  miriTnAto  and  in  man  such  mechanism  is 
functionally  superfluous,  and  consequently  absent  excq>t  in  slif^t  and 
variable  degree.  As  such  it  may  persist  cur  become  accentuated,  and 
produce  congoiital  atresia  or  stOKNsis  of  the  escq>hagu8.  Tlierdativdy 
frequent  fflibrj^nic  and  congNiital  occhisions  of  the  duodenum  just  eau* 
dal  to  the  pancreatic  anlages  may  peihaps  likewise  find  their  esfHanMr 
tion  in  terms  of  a  phylogenetic  protective  device  against  yolk  invasion. 
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SlnUlrn-doriial  portion  oi  iransverse  i-ection  of  Jl-dav  embrvo  at  level  uf  iransltion 
I'rum  esophagus  (e)  lo  the  stomach.  The  apparent  obliquit}'  ot  the  section  is  due 
to  the  sinlntrBl  rotRlion  of  the  cardiac  end  of  stomath  (r.  a).  The  approxlinatelv 
traniverse  position  of  stomach  at  lhei>e  stages  accountn  for  its  being  cut  longitud- 
inallv  in  a  transverse  section  of  the  embrvo.  Note  the  eitenBivel/  fenestrated 
condition  of  the  caudal  portion  of  the  esophafjun  (e,  within  the  rectangle)  at  this 
Btage.  (r),  rib;  {c),  pleural  cctloin;  (Ot  left  lun^:  (a),  right  dorsal  aorta;  t,b),  right 
primary  bronchus.      Photo.     »  17. 

More  hi|{hlv  magnilied  photomicrograph  (x  300).  of  portion  uf  esophagus  Included 
within  rectangle  in  preceding  figure,  (z).  earlier  irregular  and  several -layered  con- 
dition of  lining  epithelium  of  esophagus  during  period  of  fenestration  of  solid 
esophagus  in  the  process  of  reestablishment  of  patency  of  itk  lumen  ;  (y).  a  delicate 
nucleated  sepluin.  in  process  of  reincorporation  within  the  later  regular  single- 
lavered  lining  of  the  open  esophagus  ;  («),  portion  where  lumen  is  lined  with  the 
later  (transient}  slngle-larereJ  epithelium  of  prismatic  cells. 
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SOME  AMPHIBIANS  AND  REPTILES  FROM  PORTO  RICO 

AND  THE  VIRGIN  ISLANDS. 

BY  HENRY  W.  FOWLER, 

Of  the  AcMlemy  of  Ntturtl  Sdencet  of  PhiUadpliia. 


One  pitte,  «ix  figures. 


SOME  AMPHIBIANS  AND  REPTILES  FROM  PORTO 
RICO  AND  THE  VIRGIN  ISLANDS. 


By  Henrt  W.  Fowlbb. 


The  animals  comprising  the  above-named  groups  were  largely 
obtained  in  Porto  Rico  during  the  early  summer  of  1915  by  Mr.  Charles 
F.  Silvester,  while  on  the  staff  of  the  expedition  of  the  Carnegie  Insti- 
tution of  Washington.  They  form  an  interesting  accession  to  the 
Museum  of  Princeton  University.  Another  collection,  obtained  in 
the  Virgin  Islands  in  1876  by  Mr.  A.  D.  Brown,  has  been  studied  in 
this  connection  and  included  in  the  present  report.  It  is  also  the 
property  of  Princeton  University.  I  am  under  obligations  to  Mr. 
Silvester  for  the  opportunity  to  study  all  this  material,  as  well  as  for 
various  notes,  information,  etc.,  kindly  placed  at  my  disposal.  A 
series  of  specimens  has  been  reserved  for  the  Museum  of  the  Academy 
of  Natural  Sciences  of  Philadelphia. 

The  herpetology  of  Porto  Rico  has  been  so  ably  discussed  by  Dr. 
Leonhard  Stejneger,  in  his  paper  of  that  title,  published  in  1902,  that 
the  present  account  is  intended  as  merely  supplementary. 

AMPHIBIA. 

LEPTODACTYLIDi£. 

Leptodactyliis  albflabris  (Giiiither).    Figure  1. 

Ten  from  the  junction  of  the  Arecibo  and  Tanama  Rivers,  Porto  Rico, 
on  June  9, 1915.  As  considerable  variation  in  color  is  noticeable,  5  examples 
have  been  selected  as  an  illustration  of  the  dorsal  aspect.  Two  adults  show 
a  strongly  contrasted  color-pattern  above,  largely  of  longitudinal  bands, 
of  which  the  median  or  vertebral  is  whitish,  edg^  on  each  side  by  a  blackish 
band  of  variable  width  in  places;  these  blackish  bands  largely  alUce.  Some- 
times a  whitish  vertebral  band  gives  off  a  branch  on  each  side  in  the  front 
interorbital  region,  which  extendis  over  eyelid.  Blackish  band  on  each  side 
of  snout,  including  nostril,  to  eye,  then  continued  behind  to  embrace  tym- 
panum to  shoulder,  present  in  all  examples.  Side  of  each  lip  dusky.  Several 
blackish  spots  on  groin  and  a  few  obsolete  dusky  markings  along  the  side. 
Upper  surface  of  hind  limbs  strongly  contrasted  with  blackish  crossbars. 
Other  examples  show  lengthwise  bands  on  back  obscure,  or  as  irregular 
blotches,  and  along  the  sides  as  broken  small  spots.  They  often  form  two 
large  A-shaped  obscure  blotches  on  back  before  pelvis.  Two  dark  lateral 
bands  may  unite  in  hind  interorbital  region  to  form  a  connecting  dark  bar. 
Some  examples  have  the  throat  dusted  with  pale  dusky,  though  in  most  the 
entire  under  surface  is  uniform  whitish. 

One  metamorphosing  example  and  several  tadpoles  from  Utuado;  a  small 
example  from  the  Virgin  Islands.  The  Porto  Rican  examples  were  obtained 
along  small  streams  flowing  into  the  Arecibo  River  about  5  kilometers  south 
of  Arecibo,  where  the  lowlands  merge  into  the  hills.    Active  during  day-time. 
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•  (.Cm).  n««a. 
Collected  21  examples  from  the  junetioD  of  the  Arecibo  and 
Rivers  on  June  9.  This  little  amphibian  ia  extremely  variable  in  odor. 
Srane  individuale  are  pale  or  veir  light,  others  daik,  and  some  of  all  ages 
with  a  narrow  whitish  vertebral  une.  Four  extremes  of  color-variati<Hi  are 
represented  in  the  accompanying  figures  of  the  dorsal  surface. 
ilAU  the  examples  with  the  narrow  whitish  vert^ral  line  (4  individoab) 
show  it  bifurcate  and  extending  out  on  each  side  of  the  hind  femoral  surface 
toward  the  tmder  surface  of  the  knee.    The  larger  of  these  examples  are^also 
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insularly  spotted  or  blotched  with  whitish  on  the  back,  about  the  inter- 
orbital  region,  and  at  each  heel.  A  few  spots  may  also  occur  elsewhere  on  the 
upper  surfaces  of  the  tibial  r^ons.  The  smaller  examples  have  lai^  obscure 
blotches  of  slightly  darker  shade  than  the  general  color  of  the  upper  surface, 
which  tend  to  form  obscure  bars  across  the  tibial  and  femoral  regions.  The 
tower  body-surface  is  similarly  variable,  from  slightly  soiled  brownish  to  more 
or  lees  completely  marbled  with  smutty,  in  which  case  there  is  also  a  median 
obscure  pale  line  from  the  chin  to  the  stemmn,  with  line  given  oS  each  side 
to  tiie  aiollaries. 


6  Papert  from  the  Deparimeni  of  Marine  Bidogy. 

Four  pale  examples  are  also  quite  variable.  One  has  the  front  and  hiDd 
flurfacea  of  the  femoral  region  with  rather  lai^  dusky  venniculations  stroDgly 
contrasted  with  whitish.  In  this  individual  there  is  also  a  dark-gray  inter- 
orbital  band.  Another  shows  a  number  of  whitish  spots  on  the  middle  of  the 
back  with  broad  whitish  band  back  from  each  eye  to  groin.  The  lower  sur- 
face of  the  body  is  often  uniform  whitish. 

Large  darker  olive  or  brownish  examples  are  more  or  lees  unifoim  in  color, 
though  one  shows  pale  areas  back  from  the  eye  to  the  groin.  They  usually 
have  the  right  and  front  femoral  regions  and  groin  finely  speckled  brownish 
on  pale  ground-color.     Most  are  more  or  less  smutty  below. 

In  a  number  of  small  darker  examples  traces  of  the  hght  areas  back  from 
the  eye  are  seen  in  two  esses  and  in  one  of  these  an  accessory  short  inner  line 
backward  and  parallel  is  also  present,  while  the  larger  bands  tend  to  converge 
at  the  middle  of  the  back.  All  have  the  limbs  above  with  more  or  less  obso- 
lete dark  cross-bars.     A  dark  interorbital  band  is  also  usually  in  evidence. 

All  examples  have  the  dark  line  from  the  eye  over  the  tympanum  distinct. 
Beotherodaetrlai  lentM  (Core),    neve  8. 

Twenty-one  examples  from  the  Virgin  Islands.  These  agree  with  Meer- 
warth'n  figure  of  Hylodea  lerUti*,'  bnned  on  examples  from  St.  Thomas.    The 


'Mitth.  Nsturb.  Mut.  HMnhuri:,  ? 


>.  3S.pl.  2,  fiRH.  1,2. 


Amphibians  and  Reptiles  from  Porto  Rico  and  the  Virgin  Islands .         7 

species  appears  to  be  less  variable  than  many  of  this  genus.  Although  Cope 
states  that  the  body  ^'  is  without  granulations  above,  below,  or  upon  the  sides, " 
all  my  examples  show  them  on  the  lower  hind  femoral  region.  As  Meerwarth's 
figure  lacks  detail  I  have  made  the  following  note.  In  this  species  the  color- 
pattern  is  largely  constant.  Sometimes  the  blotches  or  vermiculations  are 
larger  and  fewer  on  the  back  anteriorly,  or  they  may  vary  in  being  finer  and 
more  numerous,  though  the  general  appearance  is  similar. 

REPTILIA. 

GEKKONID.C. 
Honidactyliis  mabonim  (Moreau  de  Jonnes), 

Two  from  the  Virgin  Islands.  According  to  Dr.  Barbour,^  it  was  probably 
introduced  into  the  West  Indies. 

l^liModactyliis  grandlsqiuuiiifl  SUJneger. 

Three  from  the  Arecibo  Road,  Porto  Rico,  about  the  70-kilometer  post, 
on  June  14;  these  are  similar  to  Dr.  Stejneger's  figure,*  except  that  the  black 
scapular  blotch  has  in  each  example  two  small  pure  white  spots.  Two  speci- 
mens have  the  dark  spots  as  more  or  less  broken  longitudinal  bands,  though 
in  the  remaining  example  a  more  speckled  appearance  is  seen  and  the  spots 
are  smaller. 

Thoi^h  only  the  above  examples  were  secured,  this  gecko  was  probably 
abundant  at  this  locality.  They  were  found  under  stones  and  sticks  in  moist 
places.    Their  tails  were  very  brittle  and  were  easily  broken  off. 

SCINCIDiE. 
Malmya  doanii  (Dandiii). 

Two  from  the  Virgin  Islands.  One  shows  at  least  two  pairs  of  chin  shields 
in  contact.  Ck>lor  in  alcohol  largely  grayish  oUve  above,  paler  or  whitish 
below.  From  each  side  of  the  fronto-nasal  plate  a  brown  band  extends  back, 
including  the  upper  eyelid,  and  becomes  obscure  toward  the  groin,  thou^  on 
front  of  body  in  strong  contrast,  due  largely  to  darker  brownish  marginal  lines. 
Another  band  of  simUar  color  extends  from  the  nostrils  back,  including  eye, 
over  ear  and  shoulder,  and  fades  out  on  groin.  limbs  above  with  oj^cure 
brownish  spots.    Snout  to  vent  76  nmi.,  tail  66  nmi. 

This  species  is  now  rare  in  Porto  Rico,  a  circumstance  believed  to  be  due  to 
the  mongoose. 

IGUANIDiC 
AnoUs  ciiTierl  Merrem. 

One  from  Utuado,  405  mm.  in  total  length.  Color  in  life  with  iris  brown- 
ish yellow,  a  ring  of  pure  yellow  next  to  the  black  pupil.  Scales  around  eye 
yellow,  barred  with  black.  These  colors  seem  to  hold  even  when  the  animal 
changes  color  from  black  to  green  and  yellow.  In  alcohol  the  color  is  largely 
uniform  bluish  above  and  paler  below.    Pale  crescent  below  eye. 

Known  to  the  natives  as  ''the  devil. "  They  are  afraid  of  this  species  and 
believe  that  it  is  deadly  poisonous.  Mr.  Silvester  informs  me  it  is  rare  and 
occurs  along  water-courses.  He  saw  another  example  along  the  main  coiu'se 
of  the  Arecibo  River  at  Utuado,  but  was  unable  to  capture  it. 

^Mem.  Mu8.  Ck>mp.  Zool.,  xliy.  No.  2, 1914,  p.  222. 
Itep.  U.  S.  Nat.  Mus.,  1002,  p.  605,  fig.  52. 
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AnoUs  mAjrerl  tp.  bot.    Flgnra  4. 

Description. — ^Body  long,  rather  robust,  with  slii^t  dorso-nnchal  fold. 
Head  rather  level  on  top,  with  broad  median  d^reasion  on  prefrontal  region. 
Slight  median  depression  on  occipital  region.  Ejrelids  granular.  Teeth  mod- 
erately large,  and  become  enlaiged  posteriorly  or  below  e^e,  those  in  front 
of  each  jaw  small.  Dewlap  moderate,  covered  with  small  unbricated  scales. 
Interorbital  slightly  convex.    Ear-opening  circular,  deep. 

Scales  all  smooth,  rather  large.  Median  or  vertebral  row  of  scales  down 
back  sti^tly  enlarged,  and  progressing  down  sides  scales  become  granular  on 
latter.  Very  minute  granules  seen  scattered  about  betfreen  scales  of  bade, 
tJiough  not  visible  to  the  naked  eye  and  not  preventing  their  imbrication  on 
one  or  more  sides  in  most  cases.  Scales  on  belly  larger  than  most  scales  an 
back,  and  small  on  under  surface  of  head.  Scales  on  head  above  rather  large 
and  smooth.  Supraoculars  large,  flat,  and  separated  from  supraorbital 
semicircles  by  narrow,  complete  row  of  small  scales.  Supraorbital  s^nidrcles 
with  one  or  two  median  plates  in  contact,  and  separated  from  occipital  i^te 
by  one  or  two  rows  of  scales.  Occipital  large,  nearly  equals  ear-opening,  and 
s^es  around  variably  large  and  small.  Counting  i^Wtically,  six  rows  of 
loreal  scales  present,  and  of  more  or  less  uniform  sise.  Six  or  seven  large 
infraorbitids,  last  ending  well  before  hind  edge  of  eye.  Temporals  moderate, 
and  about  12  scales  betfreen  hind  eye-edge  and  ear. 

Limbs  rather  robust.  Scales  on  upper  sides  of  fore-limbs  larger  than  those 
on  middle  of  back,  slightly  keeled,  and  closely  imbricated.  Scales  along 
lower  front  femoral  region  larger  than  those  on  belly,  smooth  and  closely 
imbricated.  Scales  on  upper  surface  of  femur  very  small  and  imbricated. 
Post-anal  plate  moderate. 

Tail  strongly  compressed,  largely  with  slight  crest.  Scales  covering  sides 
of  tail  flat,  keeled,  those  in  crest  longest  and  enlarged,  a  keel  forming  front 
edge  of  each. 

Color  largely  uniform  brownish  in  alcohol,  paler  below.  Some  veiy 
obscure  markings  on  back,  upper  surfaces  of  limbs  and  tail.  Sli^t  pale 
streak  from  eye  through  ear  and  backward.  Another  from  over  shomder  and 
backward. 

Total  length  188  mm.  (caudal  tip  damaged)  and  length  from  snout  tip  to 
vent  67  mm. 

Type  No.  3151,  Princeton  University,  and  7  paralypes.    Yirpn  Islands. 

These  examples  suggest  in  many  ways  that  they  mav  be  the  young  of 
Anolis  ciwieri.  They  agree  partly  in  having  the  scales  of  the  back  in  places 
slightly  separated  from  one  another  by  the  interpolating  of  more  or  less  scat- 
tered, inconspicuous,  and  irregular  small  or  minute  granules,  though  these 
in  no  way  encircle  the  scales.  In  general  the  scales  of  the  back  present  an 
imbricated  appearance.  I  have  for  these  reasons  allowed  the  species  to  stand 
near  Anolis  cuvieri.  Its  differences  are,  however,  slight,  and  as  the  yoimg  of 
Andis  cuvieri  is  unknown,  I  first  thought  it  to  be  such,  especially  as  all  my 
examples  are  comparativdy  small.  It  would  appear  too  great  a  latitude  in 
variation  to  admit  such  characters  as  these  specimens  present  as  simply 
variations  due  to  age.  First  is  the  contact  of  eeveral  pairs  of  the  large  scutes 
of  the  supraorbital  semicircles,  rarely  separated  by  a  single  row  of  very  small 
scales.  Second,  the  occipital  scale  is  distinct  and  usually  large,  though  often 
separated  by  only  one  scale  from  the  supraorbital  semicircles.  The  labials 
are  in  contact  with  the  infraorbital  semicircle,  a  character  constant  in  every 
specimen.  In  agreement  with  Anolis  cuvieri  are  the  rows  of  large  scales 
between  the  rictus  and  the  ear,  which  vary  from  5  to  8.    This  character  will 
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readily  serve  to  distinguish  it  from  the  common  Anolia  cristaieUus.  The 
preeeat  new  form  preseota  a  conaiderable  resemblance  to  Antilis  monenm 
Stejneger  (known  only  from  Mona  Island)  in  the  larger  ecalea  and  rather 
uniform  coloration,  though  it  has  small  post-rictal  scales  like  its  near  ally 
Anolia  eriaiaieUtu, 
Named  for  Dr.  Alfred  G.  Mayer,  of  the  Carnegie  Institution  of  Washington. 

AnoUs  fnadtKhU  Peters. 

Eight  examples,  the  largest  176  mm.  in  total  loigth,  from  a  small  settle- 
ment up  the  Rio  Grande,  2  miles  above  Arecibo,  Porto  Rico,  on  June  12, 1915. 


M  lepidou  ol  tnmk. 

of  hind  toea,  knee,  Mid  vent. 

of  ton-tta  and  finssn. 


10 


Pmpert  fnjm  ike  Depmtment  ^  Marme  Biolcgff, 


Coior  in  a]oobol  unif  onn  dull  brownirii-oliTe  genermHy  abore.  Lips  pale  or 
wfaitii^h.  labiab  o^^scurehr  dusted  with  sooty  dots.  From  g^pe  of  mouth  bade, 
indudinir  ear,  whitish  band  weO  defined  and  extending  to  grotn«  Immediatdy 
below  this  a  gray-brown  narrow  area  aD  along  to  groin,  fading  out  in  pale 
color  of  lower  surface,  which  is  largdy  whitish.  Neariy  all  wnunpleB  diow 
belly  with  very  pale  blue-green  tinge.  Dewlap  ydlow-ocfaer.  Some  eramplfn 
are  more  gra3nsh  thim  others  and  most  show  fine  specks  or  dots  of  dudcy  on 
the  side  above  and  the  costal  region  below  pale  lateral  streak.  The  con- 
trasted and  bright  markings  noticed  by  Dr.  ^^neger  in  living  erampleB  are 
not  evident  in  these  preserved  specimens.  Dark  cross-blotdies  are,  however, 
seen  obscurely,  though  in  smaller  examples  they  are  far  more  noticeable. 
Scales  of  the  suinraocular  semicirdes  usually  separated  by  one  row  at  scaks 
at  least,  often  two  rows  present,  and  sometimes  partly  in  ocmtact. 

Besides  the  above,  6  examples  were  obtained  from  Utuado.  These  oft^ 
show  but  a  sin^  row  of  scales  separating  the  supraocular  sonicircles. 


FirweS. 

A  very  large  smes,  represented  by  nearly  300  q)ecimens  from  various  local- 
ities. A  large  series  from  Guanica,  Porto  Rico,  shows  usually  the  supraocular 
semicircles  in  contact,  thou^  the  siie  and  disposition  of  the  {dates  present 
great  irregularity.  In  color  some  are  veiy  findy  vomiculated  with  dariker 
lines.    Often  the  upper  surfaces  of  the  limbs  present  an  obscurdy  barred 


/o 


111  m. 


Fia.  5. — Anolia  erittaUUuB  Dum^ril  and  Bibron.  Lepidosis  of  the  supraocular  semioiroles. 
Figs.  A  to  D  and  L  and  M  from  Guanica,  E  to  H  from  Arecibo,  I  to  K  from  Utuado,  N 
and  O  from  Virgin  Islands. 
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appearance,  and  in  some  cases  tbey  are  finely  vermiculated.  Many  examples 
are  more  or  less  olivaceous.  In  a  small  series  from  Guanica  one  example 
shows  a  quite  distinct  whitish  vertebral  stripe.    Several  are  pde  or  light  gray. 

A  large  series  from  Utuado^  collected  both  in  the  town  and  down  the  Arecibo 
River,  June  12,  are  very  variable,  both  in  color  and  squamation  of  the  head. 
In  color  these  examples  appear  much  more  mottled  than  others.  The  chin 
and  throat  are  variable,  and  may  be  streaked  or  uniform,  especially  in  small 
or  yoimg  examples.  Some  show  a  considerably  developed  nuchal  crest. 
Often  the  labials  may  be  marked  with  dark  blotches,  giving  the  lips  a  cross- 
barred  appearance.  Some  examples  show  five  or  six  obscure  dusky  or  blackish 
saddles  on  the  back.  Occasionally  a  pale  vertebral  band  is  seen  down  the 
back.  Though  the  squamation  of  the  head  is  quite  variable,  usually  the 
supraocular  semicircles  have  two  pairs  of  plates  in  contact,  often  one  or  two 
smaU  ones  may  be  interpolated  in  the  median  line,  and  occasionally  a  median 
series  of  small  scales  (in  one  instance  double)  entirely  separates  them.  The 
largest  of  this  series  is  175  mm.  in  total  length. 

Thirteen  examples  obtained  at  a  small  settlement  up  the  Rio  Grande,  2 
miles  from  Arecibo,  on  Jime  14, 1915.  Several  show  a  pale  vertebral  streak  on 
the  back  and  a  longitudinal  blackish  streak  along  each  side  of  the  back,  mostly 
with  narrow  pale  bordering  line.  Sides  of  body  may  also  present  obscure 
irregular  dark  blotches  forming  smaller  spots  or  speckled  appearance  below. 
In  some,  the  lower  surface  of  the  body  is  yellowish  in  alcohol. 

Two  from  the  Arecibo  River  near  the  70-kilometer  post,  June  14,  1915. 
One  light  gray,  conspicuously  mottled  with  darker,  another  with  the  pale 
vertebral  band  bordered  each  side  with  a  blackish  lengthwise  band. 

A  large  series  from  the  Vu^  Islands,  many  showing  the  white  vertebral 
band  on  the  trunk,  occasionally  interrupted.  Many  have  the  chin  speckled. 
Frequently  a  dark  spot  occurs  behind  the  occipital  plate,  sometimes  divided 
to  form  one  on  each  side. 


stratnhis  Cope. 

Four  from  Guanica,  2  from  Utuado,  3  from  a  small  settlement  up  the 
Rio  Grande  2  miles  from  Arecibo,  Porto  Rico,  and  3  from  the  Virgin  Islands. 
Considerable  variation  in  color  is  noticeable  and  a  few  show  distinct  dark 
saddles  on  the  back.  All  are  more  or  less  finely  speckled  with  darker  color; 
in  some  cases  the  marbling  gives  quite  a  variegated  pattern,  due  to  the  variable 
small  or  lai]ge  dark  spots.  The  Virgin  Islands  examples  show  the  back  marked 
with  blackish  transverse  saddles.  Dewlap  bright  yellow  in  alcoholic  speci- 
mens. 

Variation  in  the  squamation  is  often  seen.  Some  specimens  show  one  or 
two  pairs  of  plates  of  the  supraorbital  semicircles  in  contact. 

AnoUs  kmgi  Peters. 

Five  examples  from  Guanica,  Porto  Rico,  now  show  the  dewlap  red. 

Ten  from  Utuado,  on  June  12,  show  the  dewlap  crimson  in  alcohol.  Sides 
and  lower  surface  largely  brilliant  yellow.  In  these  examples  the  squamation 
of  the  supraocular  semicircles  is  often  quite  variable.  While  they  may  be 
separated  by  one  row  of  scales,  or  sometimes  two  rows,  the  rows  are  frequently 
incomplete,  so  that  the  supraoculars  may  be  in  contact  with  at  least  one  of 
their  pairs. 

Five  from  the  Arecibo  River  near  the  70-kiloineter  post,  on  June  14.  These 
all  have  but  one  row  of  scales  between  the  supraocular  semicircles. 


12  Paper$fram  the  Department  of  Marine  Biology. 
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Seven  very  intereeting  examples  from  the  Virgin  Islands  which  agree  verv 
well  with  Dr.  Stejneger's  description  and  figures  of  Porto  Rican  matoiaL 
In  alcohol  these  examples  are  all  pale  brownish.  A  dark  brownish,  wdl- 
defined  streak  alongside  of  snout  below  canthus  rostralis  to  eye  and  contin- 
ued back  from  latter  well  above  ear  alongside  of  back,  and  on  trunk  more  or 
less  broken  into  spots  irregularly  to  groin.  Below  ear  on  each  side  of  Iowa* 
surface  of  head  a  brownish  streak  to  shoulder,  though  not  evident  in  young. 
Upper  surf  ace  of  body  or  back  between  dark  lateral  bands  with  speddin^  of 
brownish,  mostly  obscured,  and  arranged  laigely  in  lengthwise  courses.  Sim- 
ilar markings  also  seen  on  upper  surface  of  hSsA  in  some  examples. 

Variation  is  seen  in  the  sciEJes  separating  the  supraocular  semidrdes.  In 
one  case  a  pair  of  plates  of  the  latter  are  largely  in  contact,  in  another  instance 
two  rows  of  scales  intervene,  while  in  the  other  a  single  complete  row  occurs. 

AnoUs  foaeensifl  StcjMf cr. 

Four  from  Guanica,  Porto  Bico.  This  spedes  was  heretofore  known  only 
from  the  type  locality  at  Ponce,  where  it  was  obtained  April  16,  1900.  It 
differs  from  the  other  Porto  Rican  spedes  of  Anolis  in  the  completely  keded 
scales  of  the  back,  ddes,  and  belly.  In  coloration  my  material  agrees  with 
Dr.  Stejneger's  account,  the  young  or  smaUer  example  showinx  the  pale  ver- 
tebral band  bordered  on  each  side  by  a  dusky  parallel  and  equiuly  wide  band. 
It  also  shows  a  pale  obscure  orange  blotch  at  and  on  each  side  of  the  ocdput, 
the  whole  three  indistinctly  joineid.  One  example  is  con^icuoudy  greenish 
above,  mottled  with  dusky. 

The  squamation  of  the  supraocular  semicircles  is  sometimes  quite  irregular, 

and  these  may  have  two  pairs  in  contact  or  be  separated  by  a  very  narrow 

median  row.  

TEHDJR. 
AmciTft  ezal  (Cope). 

Six  from  Utuado,  Porto  Rico,  some  showing  the  granules  extending  forward 
to  the  second  chin-shield.  In  one  an  accessory  scale  is  interpolated  between 
the  preparietals  and  in  contact  with  the  parie^. 

One  from  the  Arecibo  River  near  the  70-ldlometer  post,  on  Jime  14. 

One  from  a  smaU  settlement  on  the  Rio  Grande  2  miles  from  Arecibo,  on 
June  14.    It  shows  two  very  large  plates  on  the  inner  tibial  surfaces. 

Among  13  examples  from  the  Virgin  Islands,  one  shows  the  prefrontals 
separated  by  a  small  accessory  scale,  and  another  has  the  same  scale  and 
frontal  divided  into  three  equal  scales,  two  of  which  are  in  front  as  a  pair;  3 
more  examples  from  the  Virgin  Islands  show  the  occipital  plates  rounded  and 
subequal ;  one  also  shows  an  additional  plate  bordering  the  third  and  foiurth 
suprsJabials  and  interposed  between  the  loreal,  first  sulx>cular,  and  preocular. 

AmciTft  wetmorci  StejMf  cr.    Frontispieee  and  Figure  S. 

Description. — ^Body  elongate,  rather  dender.  Tail  long,  conic.  Head  conic, 
muzzle  long.  Eyelids  granulaj*.  Teeth  rather  large,  conic,  in  one  row,  and 
becoming  larger  as  they  progress  backward.  Interorbital  levd.  Ear  about 
size  of  eye,  and  tympanum  not  deep.  Hind  foot  about  two-thirds  combined 
length  of  bead  and  trunk. 

fVont  nasal  plates  meet  rather  narrowly  in  contact  on  top  of  snout.  Nos- 
tril in  suture  between  two  nasals.  Supraocular  plates  three,  in  contact  with 
prefrontal,  frontal,  fronto-parietal,  and  parietal.  Fronto-parietals  united  as 
a  single  plate  before  3  large  parietals,  of  which  median  is  much  narrowest. 
Suboculars  narrow,  fijrst  two  each  half  length  of  last.    Loreal  in  contact 
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with  second  and  third  labials,  first  three  subociUars,  first  euprar-preocular, 
prefroDtal,  fronto-nasal,  and  hind  nasal.  First  supraocular  in  contact  vitb 
first  superciliary,  loreal,  prefrontal,  frontal,  and  second  supraocular.  Second 
and  tlurd  supraoculars  separated  from  superciUaries  by  a  narrow  series  of 
very  small  scales.  Second  supraocular  in  contact  with  first  supraocular, 
frontal,  fronto-parietal,  and  third  supraocular.  Third  supraocular  in  contact 
with  second,  fronto-parietal,  and  parietal.  Superciliaries  of  five  plates, 
last  small,  about  equal  and  all  combined  only  equal  in  length  to  anterior  one. 
A  tow  of  narrow  occipital  plates.  Six  superior  and  5  inferior  labials  to  rictus. 
Ear-opening  not  denticulated.  First  pair  of  chin-shields  in  contact,  second 
pair  separated  only  in  front  by  narrow  single  row  of  small  granules.  Three 
rows  01  scales  on  gular  fold,  front  and  hind  rows  of  about  equal  width,  median 
row  larger.  Scales  on  upper  surface  of  body  and  limbs  minute.  Brachium 
witii  one  series  of  very  broad  plates  externally  and  a  narrower  inner  series. 
Antebrachium  with  three  series  of  small  plates.  On  undei*  surface  of  tibia 
two  rows  of  enlarged  plates,  outer  row  of  much  laraer  plates,  and  one  above 
enormously  enlarged.  Eight  rows  of  abdominal  plat^.  Three  lai^  anala, 
one  in  front  and  two  behbd.     Tail  covered  with  rings  of  smooth  scales. 

Color  in  alcohol  largely  black  above,  with  7  loi^tudinal  sharply  defined 
narrow  lines  of  very  pale  blue-i^reeo,  d^tributed  as  follows:  Median,  much 
broader  than  the  others,  extends  from  tip  of  snout  to  tail,  where  it  broadens 


Fio.  6. — Ameita  weimorti  Stejaeger. 

A,  upper  lurfMe  of  head.  D,  transvene  lepidasia  of  trunk  in  Ut«nl  via* 

B,  lower  auiface  of  head.  E,  lepidosii  of  bind  limb  and  venlzal  recion. 

C,  side  view  of  head.  F,  lepidosis  of  foreHuin  and  finion. 
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out  and,  like  the  others,  fades  in  the  more  bluish  color  of  the  taiL  A  second 
streak  includes  the  superciliaries  and  extends  back  on  upper  side  of  head  till 
above  shoulder.  On  each  side,  from  lower  edge  of  eye  back  oyer  ear,  akmg 
its  upper  edge>  a  narrow  pale  blue-green  line  extends  back  alongside  ci  tail, 
fading  out  t^hind.  Another  similar  line  is  on  each  side  from  lower  ear-edge 
above  shoulder  back  to  groin;  below  this  another  still  narrower  line  of  same 
color  from  udllary  to  groin.  Behind  hind  leg  a  single  pale  blue-green  line 
extends  back  alongside  of  tail,  fading  out  bdund  and  much  wider  than  lines 
ending  in  groin.  Upper  surface  of  limbs  blackish  like  back,  each  forearm  with 
lengthwise  median  pale  blue-green  line,  broken  in  one  or  more  places,  and 
continued  up  on  upper  arm  as  several  spots.  Several  pale  spots  on  out^ 
surfaces  of  limb  in  black  field.  Upper  surfaces  of  hind  limb  ccMispicuousiy 
spotted  with  pale  blue-green.  Under  surface  of  body  mostly  uniform  pale 
blue-green.  Feet  and  hands  dark  above,  pale  below.  Tail  largely  pale  bluish, 
especially  terminally. 

Color  in  life  with  tail  greenish-blue  (coppery-blue),  ground-ccdor  above 
black  and  below  pinkish  grav.  Dorsal  medum  longitudinal  stripe,  and  three 
lateral  longitudinal  stripes,  deep  straw-yellow.  Shorter  stripes  begin  at  both 
nostrils  and  extend  to  groin.  Legs  spotted  ydlow  on  brownish-black  ground- 
color. 

Total  length  103  nmi.,  from  snout  tip  to  vent  31  nmi. 

One  example  from  Ensenada,  Porto  Rico,  June  1, 1915.  Collected  by  Mr. 
M.  H.  Sanborn. 

The  above  is  the  only  example  I  have  seen,  though  several  others  have  been 
reported.  Its  striking  coloration  will  at  once  distinguish  it  from  the  well- 
known  Ameiva  exul.    Apparently  not  reported  since  described.^ 

AMFHISBiCNm^ 
Amphlshens  c»ca  Cavicr. 

One  from  Guanica.  Rings  on  body  217,  on  tail  17.  Long  occipitals  more 
than  half  length  of  frontals.  Length  130  nmi.  Collected  by  Mr.  M.  H.  San- 
bom. 

Epicrstes  inoniatiis  (Rcinlutfdt). 

One  from  Guanica,  collected  by  Mr.  Sanborn.  Ventrals  264,  subcaudals 
75.  Indistinct  blotches  are  seen  all  along  the  body,  numerous  and  most 
distinct  on  hind  part  of  body  and  tail.  Ventrak  lar^ly  uniform  deep  dusky 
brown.     Length  1,675  mm. 

CORONELUD^ 
Leimadophis  stohU  Stejnegcr. 

Two  from  Guanica,  besides  one  obtained  on  a  coffee  plantation  in  the 
mountains  5  miles  west  of  Utuado.  They  show  ventrals  154  to  157,  subcaudak 
90  to  92,  anals  2,  scales  transversely  on  back  19.    Length  363  to  382  nmi. 

AlsopUs  portoricensls  Reinlutfdt  and  Liitken. 

Two  from  Guanica,  collected  by  Mr.  Sanborn.  Ventrals  172  to  180,  sub- 
caudals 116  to  118,  anals  2,  scales  transversely  over  back  17.  Length  534  to 
1,057  mm. 

Alsophis  antUleiisIs  (Schlefd). 

Five  from  the  Virgin  Islands.  They  show  ventrals  172  to  183,  subcaudals 
124  to  130,  anals  2,  scales  transversely  over  back  19.    Length  368  to  943  mm. 

iProo.  Biol.  Soo.  Waahington,  xxyi,  1913,  pp.  60-72.    Guanica. 
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Alsophis  infiTentris  Dum^rfl  and  Bibron. 

One  from  the  Virgin  Islands,  from  which  the  species  has  not  been  pre- 
viously recorded.  Ventrals  212,  subcaudals  92,  anals  2,  scales  transversely 
over  back  23.    Length  943  mm. 

EMYDIDiE. 
P&evdemTS  palnstris  (Gmelin). 

A  series  of  10  very  interesting  examples  from  Guanica  Lake,  Porto  Rico. 
On  first  examination  they  appeared  to  represent  two  distinct  species,  and  it 
appears  that  two  very  great  extremes  of  color  variation  occm*  in  Porto  Rico. 
Dr.  Stejneger  pointed  out  in  1902  that  "there  are  indications  at  hand  that 
there  may  be  some  constant  differences  between  those  inhabiting  the  different 
islands,  but  the  material  at  my  disposal  is  not  sufficient  to  warrant  an  attempt 
to  separate  them. '' 

Later  Dr.  Barbour  says :  ''  There  are  specimens  at  hand  from  Jamaica  (type 
locality),  Cuba,  Haiti,  and  Porto  Rico.  They  do  not,  however,  vary  in  such 
a  way  as  to  warrant  the  designation  of  varieties  confined  to  each  island. 
Stejneger  and  I  (Bull.  M.  C.  Z.,  1910,  52,  p.  301)  had  both  expected  that 
such  subspecies  might  be  defined.  As  yet,  however,  the  material  available 
for  study  is  very  meager.  The  species  is  very  shy,  and  is  usually  confined 
to  lowland  muddy  pools. " 

Thus,  as  little  appears  to  be  known  concerning  this  species,  a  few  notes  on 
the  variation  are  given  below.  All  my  examples  were  secured  in  the  lowland 
lake  at  Guanica.  Dr.  Stejn^er's  figures  185  and  186  represent  what  may  be 
considered  typical  (in  a  restricted  sense)  of  palusiris.  This  shows  specimens 
which  have  the  pale  lengthwise  lines  on  the  sides  and  lower  surface  of  the  head. 
In  this  form  the  carapace  is  more  of  a  uniform  color,  without  dark  blotches 
or  spots,  and  the  plastron  may  be  marked  with  dark  lines  along  the  sutures  of 
the  plates,  which  may  vary  to  very  obsolete  or  even  be  wanting.  About  7 
of  my  examples,  representing  both  sexes  of  this  form,  are  in  the  collection. 

The  remaining  three  specunens  exhibit  a  different  pattern  of  coloration. 
They  also  differ  in  having  the  front  claws  a  little  longer  than  the  longest  of 
the  preceding.  The  carapace  in  all  is  decidedly  paler  over  and  about  the 
anterior  third  than  the  rest  of  its  extent,  showing  but  few  markings,  and  these 
now  obscure,  though  the  sutures  of  all  the  plates  are  conspicuously  blackish. 
The  sutures  of  the  plastron  and  all  the  lower  marginal  plates  of  the  carapace 
are  also  marked  with  blackish.  The  carapace  is  also  largely  speckl^  or 
blotched  with  darker.  The  color-pattern  of  the  head  is  strikingly  different 
from  the  other  specimens  and  is  shown  everywhere  with  narrow  blackish 
wavy  or  vermiculated  lines,  often  broken  or  irr^ular.    The  feet  are  similar. 

The  latter  variety  was  first  noticed  by  Gray  as  Emys  vermiculata,^  and  the 
type  locality  given  as  tropical  America.  I  have  not  seen  his  subsequent  plate,' 
though  imder  Trachemys  rugosa  he  gives'  the  following  description  of ''  Emys 
vermictdaia  Gray":  "Shell  7^  in.  Back  brown,  closely  black-dotted;  sternum 
and  imder  side  of  margin  very  closely  spotted.  Sternal  shields  dark  edged.  '* 
The  locality  is  given  as  the  West  Indies.  Sowerby  and  Lear  figure  the 
Emys  rugosa,'^  a  fairly  good  representation  of  the  present  variety. 

llie  interesting  figure  by  Cocteau*  agrees  with  the  above  in  the  speckled 
carapace  and  dark-edged  sutures  of  the  plastron.  The  head  is  streaked  as  in 
the  examples  here  allowed  as  typical  palustris. 

>Cat.  Tort.  Brit.  Mus.,  1S44,  p.  25.  ^ort.  Terrap.  Turt,  1872,  plat«s  42, 43. 

<Cat.  Shield  Rep.  Brit.  Mus.,  1855,  plate  13.        *Hi8t.  Nat.  Cuba,  Sagra,  Rept.,  1844,  plate  2. 
*Hand-List  Shield  Rept.  Brit.  Mus.,  1876,  p.  46. 
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DESCRIPTIONS  OF  EIGHT  NEW  SPECIES. 
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little  more  than  half  of  the  known  species  of  West  Indian  fishes 
have  been  recorded  from  Porto  Rico.  Since  the  work  of  Evermann 
and  Marsh,^  Nichols^  has  added  22  species  to  the  fauna  of  the  island. 
Two  of  these  were  new  to  science. 

In  May  and  June  1915,  the  writer  spent  three  weeks  on  the  island 
as  a  member  of  an  expedition  to  Porto  Rico  under  the  auspices  of  the 
Carnegie  Institution  of  Washington.  The  results  of  this  work  are  to 
be  incorporated  with  a  more  extensive  investigation  of  the  fishes  of  the 
island,  but  it  seems  best  at  this  time  to  publish,  at  least,  descriptions 
of  the  new  species. 

It  is  with  pleasure  that  the  writer  acknowledges  his  indebtedness 
to  Dr.  Henry  W.  Fowler  for  much  valuable  assistance  and  supervision 
in  working  up  the  collections.  Through  the  courtesy  of  the  Academy 
of  Natural  Sciences  of  Philadelphia  comparisons  have  been  made  with 
specimens  in  their  collections. 

MOKINGUIDie. 
Aphfliahnifhtlijs  mayeri  sp.  dot.    Plate  1. 

Head  9.2  in  body;  4.2  in  tail;  13.4  in  total  length.  Depth  same  as  upper 
jaw,  5  in  length  of  hc^,  about  65  in  total  length;  snout  7  in  head.  Lower  jaw 
projecting;  anterior  nostril  tube-like,  near  ena  of  snout;  posterior  nostril  lar^r, 
in  front  of  eye.  Teeth  retrorse ;  eye  small  but  not  rudimentary.  Interorbital 
space  two-thirds  length  of  snout.  Vertebrse  74+46.  Spinous  processes 
prominent  anteriorly;  transverse  processes  large  throughout.  Gill-opening 
one-half  the  isthmus,  which  is  tli^  same  as  snout.  Gape  not  as  wide  as  in 
A.  caribbeus.  All  the  fins  very  rudimentary,  microscopic,  excepting  caudal; 
pectoral  less  than  one-half  width  of  gUl-opening;  dorsal  and  an^  be^  length 
of  head  behind  vent  and  continue  as  very  fine  lines  to  end  of  tail,  where  they 
enlarge  into  the  easily  visible  caudal.  Lateral  line  present  and  prominent, 
with  series  of  microscopic,  op^  pores;  blood-vessel  follows  course  of  and 
shows  through  skin  on  lateral  line. 

Color  in  Itfe  orange-yellow  above;  ventral  surface  slate-blue,  merging  into 
whitish  in  anterior  part  of  tail  region;  posterior  part  of  tail  entirely  yellow; 
iris  blue.  Tip  of  lower  jaw  and  area  behind  eye  reddish,  fading  to  pale  flesh- 
color  in  spirits.    Color  in  A.  caribbeus  much  darker  in  spirit  preparations. 

In  a  preliminary  list  of  ''Fishes  New  to  the  Fauna  of  Porto  Rico,''  published 
in  Year  Book  14  of  the  Carnegie  Institution  of  Washington,  the  writer  was  in 
error  in  placing  this  species  in  the  family  Mursenesocids  and  in  making  it  the 
subject  of  a  new  genus.  As  Gill  and  Smith  have  shown  (Science,  n.  s.,  vol. 
XI,  No.  286),  the  genus  StUbisciui  is  identical  with  the  genus  Maringua  and 

*Aquatio  Resources  and  Flaheriee  of  Porto  Rioo,  U.  S.  Fish  Commission  Bulletin  for  1900. 
'Bulletin  of  the  American  Museum  of  Natural  History,  vol.  xxxnr,  article  yii,  pp.  141-140. 
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must  be  referred  to  the  family  Moringuidse.  This  family  up  to  that  time  had 
not  been  known  to  be  represented  in  American  waters. 

A  careful  comparison  has  been  made  wiih  a  specimen  of  A.  caribbeus  ixA- 
lected  at  San  Juan  by  Professor  Conklin.  These  two  species  are  very  closely 
related,  but  A.  mayeri  may  be  distinguished  at  once  by  its  striking  color. 
The  type  was  kept  alive  for  more  than  two  weeks  in  an  aquarium  at  Guanica 
and  during  this  period  no  color  changes  could  be  noted;  in  spirits  A.  carib' 
beus  is  much  darker  in  color;  microscopic  examination  shows  many  more 
chromatophores.  The  grooves  for  the  dorsal  and  anal  fins,  so  well  miuiced  in 
A.  caribbeus^  are  very  little  evident  in  A.  mayeri. 

Two  specunens  of  this  beautiful  little  eel  were  obtained  on  the  sand  flats 
aroimd  mangrove  swamp  west  of  Guanica  Harbor  at  very  low  tide. 

Type,  No.  3073,  Zoological  Museum,  Princeton  University;  310  nmi.  long. 

Paratype,  No.  3126,  Zoological  Museum,  Princeton  University;  28  cm.  long. 

Named  for  Dr.  Alfred  G.  Mayer,  director  of  the  expedition. 

MTROPmS. 
Myrophls  longlcli  sp.  dot.    Plate  2»  llf  .  1. 

Head  3.6  in  trunk,  6.7  in  tail.  Depth  of  body  at  gUl-opening  3.3  in  head. 
Upper  jaw  projecting;  teeth  sharp,  more  or  less  irregular  on  maxilla  and 
vomer,  indicating  two  series;  series  more  or  less  single  on  mandible.  Eyes 
rather  high.  Interorbital  space  1.5  times  eye.  Snout  broad.  Eye  1.5  in 
breadth  of  snout  between  anterior  nostrils,  2.5  in  snout.  Tail  compressed. 
Body  slightly  compressed.  Greatest  width  of  head  greater  than  body  behind 
gill-openmg.  Vertebrae,  abdominal  53,  caudal  about  100.  Ribs  developed. 
No  neural  spines.  Vertical  fins  well  developed;  dorsal  beginning  two-tturds 
length  of  head  in  front  of  vent,  anal  beginning  directly  behind  vent;  both 
continuous  into  caudal,  which  is  wider  and  completely  surroimds  end  of  tail. 
Anterior  nostril  tube-like,  near  end  of  snout;  laxge  pore  above  this  on  top  of 
snout.    Posterior  nostril  in  upper  lip. 

Color  in  life,  light  olive-green  with  very  fine  punctation  above,  lighter  below. 

Type,  No.  3083,  Zoological  Museum,  Princeton  University.    Length,  12  cm. 

Dug  from  sand  flats  west  of  Guanica  Harbor. 

Named  for  Dr.  W.  H.  Longley. 

OFHICHTHYlDiB. 
Myrkhthys  kedd  sp.  dot.    Plate  2,  fig.  2. 

Head  4  in  trunk,  9.5  in  total  length;  eye  3  in  snout,  snout  4.6  in  head. 
Teeth  more  or  less  blunt  in  single  series;  vomerine  teeth  present.  Pectoral 
small,  as  wide  as  gill-opening,  but  very  short  and  rudimentary.  Istlmius 
about  3  times  width  of  gill-opening.  Numerous  pores  on  top  of  head  and  on 
lower  jaw;  large  round  pore  on  center  of  opercle.  Anterior  nostril  near  end  of 
snout  in  large  tube  which  projects  downward.  Posterior  nostril  under  eye  in  lip. 
Dorsal  well  developed,  begins  on  nape  and  extends  to  near  tip  of  tail ;  aial  very 
low,  beginning  directly  behind  vent  and  extending  to  near  tip  of  tail.  TaU 
projecting  very  little  beyond  dorsal  and  anal.    Branchial  chamber  rather  large. 

Color  in  life  light  transparent  brownish-green,  darker  above,  series  of  about 
20  clusters  of  darker  spots  along  lateral  Une,  hardly  distinguishable  in  life. 
This  specimen  shows  different  color-markings  from  other  members  of  this 
genus,  but  is  no  doubt  a  young  specimen  and  therefore  little  importance  can 
be  laid  on  the  color,  which  is  so  subject  to  change  with  the  growth  of  the  indi- 
vidual. The  relative  measurements  and  proportions  warrant  classifying  it 
as  a  new  species. 
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One  specimen,  dug  from  mud  flats  near  mangrove  island  west  of  Guanica 
Hfliix)r.    Length,  7  cm. 
Type,  No.  3082,  Zoological  Museum,  Princeton  University. 
Named  for  Mr.  Thomas  Keck. 

-^  ^      ^  BELONIDiB. 

Tylosiims  nototns  (Poej). 

One  specimen,  26  cm.  long,  seined  among  mangrove  islands  west  of  Guanica 
Harbor. 
No.  3121,  Zoological  Museum,  Princeton  University. 

SYNGNATHIDiE. 
GMTllvoiclidiys  ensenade  sp.  dot.    Plate  2,  llf .  3. 

Rings  18+33;  dorsal  19,  on  1+4  rings;  pectoral  12;  caudal  10;  anal  2. 
Head  9.  Eye  5.  Body  1.5  in  tail.  Cranial  ridges  strong,  median  keel  on 
snout  to  middle  of  eye;  ridge  on  occiput  high,  notched  in  front  and  behind. 
Supraocular  ridge  b^inning  in  tubercle  in  front  of  center  of  eye;  two  ridges 
on  opercle.  Nostril  double,  in  front  of  and  near  eye,  tubed,  dorsal  tube 
short,  ventral  tube  longer.  Keels  on  body  and  tail  strong;  lateral  keel  of 
body  running  into  ventrid  caudal  keel.    Belly  convex,  keel  strong. 

Body  with  22  yellow  and  22  brown  bands,  each  covering  from  one  to  two 
body  rings,  some  of  which  divide  on  the  ventral  surface  of  beUy  into  rings 
and  blotches  of  brown.  Brown  bands  edged  with  darker.  Bands  on  snout 
become  irregular  spots  and  blotches.  First  brown  band  crosses  interorbitcJ 
space  through  eye  and  obliquely  downward  and  backward  to  large  brown  area 
on  ventral  surface  of  opercle. 

Closely  related  to  C  albirostris,  but  well  defined  in  color-markings. 

Vertebrse  and  body  rings  correspond. 

Type,  No.  3084,  Zoological  Museiun,  Princeton  University.    Length  10.6  cm. 

From  bimch  of  coral  off  Ballenas  Point. 

Named  for  a  party  of  friends  from  Ensenada,  who  obtained  this  specimen. 

GHEOiODnPTERIDiE. 
Ania  conUini  sp.  dot.    Plate  3,  fig.  1. 

Head  2.6;  depth  2.7;  eye  2.6;  interorbital  3.2;  dorsal  VI-1, 9;  anal  II,  9; 
scales  2-27-7;  eye  large,  2.6  in  head;  head  broad;  mouth  rather  large. 
Lateral  line  complete,  following  curve  of  back  to  caudal  peduncle,  where  it 
dips  down  to  center  line.  Anterior  nostril  near  front  of  snout;  posterior 
nostril  large  oval  opening  in  front  of  center  of  eye. 

Color  orange-red  with  clusters  of  small  black  specks  bordering  scales  over 
entire  body.  Caudal  pedimcle  with  large  oblong  black  spot;  caudal  edged 
with  black;  spinous  dorsal  black;  soft  dorsal  and  anal  with  black  bar  at  base; 
a  black  bar  extending  downward  and  backward  on  front  of  preopercle  from  eye ; 
another  bar  extending  transversely  on  nape  and  down  on  opercle,  where  it  is 
more  or  less  broken  up  into  series  of  dots. 

Differs  from  A,  seUicauda  in  color  markings,  larger  eye,  and  more  robust 
body.  Examples  of  A.  seUicauda  were  obtained  on  the  same  coral  reef,  and 
this  species  diiffers  distinctly  from  A.  conklinif  the  proportions  and  color  mark- 
ings being  quite  different.  A.  conMini  does  not  fade  to  white  in  spirits  and 
the  clust^  of  minute  dark  dots  bordering  each  scale  do  not  fade. 

Two  specimens,  4.6  and  6  cm.  long,  obtained  with  dynamite  on  coral  reef 
off  Guanica  Harbor. 

Type,  No.  3080,  Zoological  Museum,  Princeton  University.    Length,  6  cm. 

Paratype,  No.  3128,  Zoological  Museum,  Princeton  University.  4.6  cm.  long. 

Named  for  Professor  E.  G.  Conklin. 
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Three  apeqinens,  1.5  to  2«5  cm.  Umul  Inhabits  deed  seerurdun  ahdk. 
Ahnoet  erenr  aeft-urehin  ikd^oQ  in  smw  muddy  area  weet  of  Goaniea  Har- 
bor was  inhabited  by  one  <rf  these  delicate  little  fishes.  Tlie  individual  was  never 
found  more  than  a  foot  or  two  away  from  its  shdter  and  when  disturbed  or 
approached  darted  into  the  shelL  At  low  tide  or  when  the  surf  was  breaking 
over  the  mud  flats  the  fish  was  invariaUy  found  inside  the  shelL 

Measurements  of  the  largest  individual  are  as  fcdlows:  Depth  3;  head  2.7; 
^ye  3;  snout  5;  scales  2-27-6.  Tlie  chromatophores  take  the  form  dF  stel- 
lations  in  spirit  {reparations.  In  life  this  fish  is  a  unif am  dark  Ixown,  almost 
black,  with  no  evidence  of  ban  or  spots. 

No.  3048,  Zoological  Museum,  I^ceton  University. 

CSNTBOPOimUE. 

CsainpMns  pscontai  Psey. 

One  specimen,  about  20  cm.  long,  from  Guanica  Lake. 

StABSDM, 

From  coral  reef  oS  Guanica  Harbor. 


One  specimen,  5  cm.  long,  from  cluster  of  coral  rock  in  shallow  water  west 
of  Guanica  Haibor. 
No.  3097,  Zodogical  Museum,  Princeton  University. 

POMACSNTBIDiK 
Mlcffiiisrtniia  irfTestes  (PMy).    Piste  4»  if.  1. 

Head  2.7;  3.4  in  total  l^igth.  D^th  1.7;  2.5  in  total.  E;ye2.5:snout3. 
D<mal  XII,  15;  anal  II,  13.  Scales  3-25+6-10.  Mouth  small;  max- 
illary reaching  to  nostril.  Upper  teeth  small,  movable;  lower  teeth  twice 
as  large  and  more  or  less  fixed. 

Ck>lor  in  life  uniform  deep  marine-blue  with  about  35  pure-white  silveiy 
nx>t8,  each  the  sise  of  a  scale,  covering  the  entire  body.  More  numerous  on 
dorsal  fin  and  dorsal  part  of  head  and  body.  When  seen  in  the  sunlight  these 
spots  reflect  light  and  appear  like  so  many  points  of  fire. 

Many  specimens  of  this  beautiful  fidb  were  seen  swimming  amimg  the 
corals  of  the  western  end  of  Rajos  de  la  Parda;  they  varied  in  lengtti  from 
about  2  to  4  inches.  The  color  was  the  same  in  aU.  Only  one  specimen  was 
obtained,  2.12  inches  long,  from  which  the  above  description  was  taken. 

No.  3099,  Zoological  Museum,  Princeton  University. 


Micrsspstlnita  chrjswM  (Carter  and  Yaleadsaaes). 

Several  specimens  observed  on  the  coral  reefs  off  Guanica  Harbor,  but  none 
were  obtained. 

MJCTospstlwdoB  fowleri  sp.  dot.    Plale  4»  if.  2. 

Head  3.2;  depth  1.87.  Dorsal  XH,  15.  Anal  II,  13.  Scales  3-29+7-10, 
21  pores.  Eye  3.9.  Body  compressed,  but  roimded;  profile  from  enoutto 
dorsal  evenly  roimded;  slight  indication  of  fleshy  crest  at  nape  in  1  individ- 
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ual,  not  indicated  in  4  individuals.  No  fleshy  corrugations  on  anterior  pro- 
file in  4  individuals,  indicated  in  1  individual.  Nostril  smaU.  A  pigmented, 
fleshy,  tongue-like  flap  in  roof  of  mouth.  Upper  teeth  small,  movable,  in 
semicircular  series;  teeth  of  lower  jaw  large  and  fixed,  in  a  series  rounded  in 
front  and  concave  on  sides.  Length  of  caudal  peduncle  about  2.5  in  head, 
its  depth  2.2  in  head.  Dorsal  elevated  and  ending  in  a  pointed  tip  behind. 
C!olor  uniform  deep-black  to  uniform  bluish-black,  with  indication  of  yellowish 
tinge  under  scales;  fins  uniform  black. 

T^pe^  No.  3060,  Zoological  Museum,  Princeton  University.    Length,  19  cm. 

Five  mdividuals,  13  to  19  cm.  long,  from  coral  reef  off  Guanica  Harbor. 

Named  for  Henry  W.  Fowler,  in  recognition  of  his  contributions  to  ichthy- 
ology. 

LABBIDiB. 
Bodlams  rate  (Uiimbwi). 

One  specimen,  about  15  cm.  long,  from  coral  reef  off  Guanica  Harbor. 

Iridfo  BuraMpbnui  (Miller  and  Tiraedicl). 

Common  on  the  coral  reefs  off  Guanica  Harbor. 

MONACANTHIDiB. 
PieMeiaoBiaiattnM  anvhlozys  (Cope). 
Three  specimens  from  coral  reef  off  Ballenas  Point. 

GOBIIDiB. 
Skydfaun  anlilUnun  Ogaiie-Gnuit 

Several  specimens,  6  to  12  cm.  long,  obtained  from  mountain  streams  flow- 
ing into  the  Arecibo  Biver  in  the  vicinity  of  Utuado.  Only  one  specimen 
corresponds  to  the  description  of  the  type;  12  other  specimens  of  this  genus 
were  obtained;  these  vary  enough  to  indicate  6  different  species.  However, 
careful  comparisons  would  indicate  that  much  of  this  variation  is  individual 
and  not  specific.  For  example,  microscopic  examinations  indicate  that  the 
filamentous  character  of  the  spinous  dorsal  is  sexual  and  not  specific.  Two 
male  specimens  of  what  appeared  to  be  jS.  caguiUe  had  the  doroal  filaments, 
while  three  females  did  not  possess  this  character.  The  scales  in  the  12 
individuals  varied  from  53  to  84.  Young  individuals  show  fewer  scales  than 
older  ones. 

Color  in  life  varied  from  almost  pure  white  to  blue  black.  Mr.  M.  H. 
Sanborn  invited  my  attention  to  examples  of  this  genus  which  were  almost 
pure  white,  found  in  smaU  mountain  streams  flowing  from  caves.  Several 
specimens  of  this  beautiful  little  fish,  2  to  3  inches  in  length,  were  observed 
by  the  writer  and  one  specimen  was  obtained.  Observations  would  indicate 
that  tiiis  is  a  breeding  female  of  possibly  a  new  species.  The  morphological 
characters,  however,  do  not  warrant  making  a  new  species  until  other  indi- 
viduals of  both  sexes  can  be  obtained,  as  wdl  as  specimens  taken  at  different 
seasons  of  the  ^ear. 

Several  individuals  showing  the  color  markings  of  S.  plumieri  were  obtained. 
They  do  not  show  the  emarginate  caudal  nor  the  large  number  of  scales. 
Th^  are  probably  the  youn^  of  S.  arUtOarum. 

The  writer  is  of  the  opimon  that  S.  vincerUe  Jordan  and  Evermann  is  the 
young  of  S.  plumieri  (Bloch). 

The  fin  rays  and  the  vertebrsB  were  constant  in  all  specimens. 

Dorsal  VII,  11.    Anal  11.    Vertebra  26-10-1-16. 


24  Papers  from  fta  Depoartmeni  of  Marine  Biology. 

GoUtMoui  firidtotriatam  fp.  wmr.    Plale  S»  if.  S. 

Go6ttit  /ine^itiM  Poey,  Mem.,  II,  434,  1861,  Coba.    Preood^Med  by  GMut  Imeatw 
JenyBB. 

Head  3.4  to  base  of  caudal,  4.2  in  total  lengtii;  depth  6  in  total  lengtli* 
Dorsal  VII-1, 11 ;  anal  10;  ventral  6.  Snout  same  as  eye;  eye  4  in  head;  inter- 
orbital  space  about  3.6  in  head.  Gills  4;  peeudobranch  pres^it.  Nostrils 
double,  well  separated.  Anterior  nostril  in  tube  above  upper  lip;  poetaior 
in  very  short  tube  in  front  of  upper  third  of  eye;  upper  lip  laiqge.  Bran- 
chiost^als  3.  VertebrsB  11-1-16?  A  few  large  open  pores  on  head,  laige  one 
behind  eye.  A  series  of  very  minute  barbel-like  oi^eans  following  course  of 
under  jaw  extending  back  to  ventral  surface  of  opercie. 

Body  with  20  well-defined  vertical  brilliant  green  bars,  edged  with  daricer, 
and  separated  by  21  narrower  yellowish-white  bars.  A  brilliant  red  band 
extends  from  tip  of  snout  throu|^  eye  to  above  gill-opening.  Bars  and  bands 
fade  to  brown  and  white  in  spuits. 

Obtained  from  branches  of  dead  coral  east  of  entrance  to  Guanica  Harbor. 

Type,  No.  3079,  Zoological  Museum,  Princeton  University.    Length,  23  mm. 

Paratype,  19  mm..  No.  3126,  Zoological  Musemn,  Princeton  University. 

This  is  undoubtedly  the  species  described  by  Poey  under  the  name  of  Gobiia 
lineatuSf  from  Cuba.  It  is  quite  distinct  from  Oobioaoma  miiUifcLSCiaium  of 
Steindachner  and  for  this  reason  is  here  described  and  named. 

GOBIESOCIDifi. 
Gobicsoz  cerasfanis  Cope. 

Quite  common  around  coral  reefs  in  vicinity  of  Guanica  Harbor.    Usually 

hidden  in  crevices  of  rocks. 

BLENNIIDifi. 

Altlcu  macdorei  sp.  hot.    Plate  S»  if.  2. 

Head  4.2;  depth  4.3.  Dorsal  XII,  20;  anal  23.  Head  slif^tly  longer  than 
deep;  anterior  profile  vertical,  slightly  concave.  Eye  3.26  m  head.  Pecto- 
rals reach  to  vent  or  beyond  in  male,  not  quite  to  vent  in  female.  Ventrals 
1.5  in  head.  Upper  lip  of  male  large;  teeth  pectinate;  canines  large;  fringe 
around  upper  and  lower  lips;  upper  lip  pigmented,  lower  not  pigmented  in 
spirit  specimens,  yellow  in  life.  Supraocular  tentacles  slender;  large  ten- 
tacle medial  to  each  anterior  nostril,  which  divides  into  5  or  6  tentacles;  two 
nuchal  tentacles  in  male,  smaller  in  female.  Numerous  large  pores  on  head, 
one  group  behind  and  below  eye,  another  on  supraopercular  region.  Dorsal 
fin  entire,  extending  from  nape  to  caudal;  last  doroal  ray  boimd  down  for 
two-thirds  of  its  length;  last  anal  ray  free.  Last  dorsal  and  last  anal  rays 
small;  do  not  show  except  in  radiograph. 

Differs  generally  from  A.  aUanticua  in  coloration.  General  color  brownish, 
livid  purplish  on  costal  region;  filaments  above  eyes  and  edges  of  lips  bright 
orange.  Iris  slaty.  Doreal  olive-greenish  with  median  dusky  lengthwise 
band  anteriorly,  contrasting  strongly  with  whitish  or  pale  upper  half  of  fin, 
but  sloping  up  behind  so  that  edge  of  dorsal  is  dusky  posteriorly.  Upper 
front  edge  of  dorsal  broadly  orange  below,  with  submarginal  area  of  whitish. 
Caudal  olivaceous,  dusky  medially,  grayish  below,  yellowish  above;  anal  dark 
neutral  tint,  edge  blackish;  pectoral  pale  orange,  red  on  lower  half;  ventral 
pale.    Vertebrae  12+22. 

Two  specimens  from  dead  coral  reef  west  of  Guanica  Harbor. 

Type,  No.  3081,  Zoological  Museum,  Princeton  University;  5.5  cm.  long. 

Paratype,  No.  3027,  Zoological  Museum,  Princeton  University;  5  cm.  long. 

Nam^  for  Professor  C.  F.  W.  McClure,  for  his  researches  upon  the  Ijrm- 
phatics  of  fishes. 


i. 


Amia  conklJni  Silvester.      Type. 


Alticus  macclurei  Silvester.     Type. 


Gobiosoma  vi rid! striatum  Silvester.      Type. 


Microspathodon  niveatus  (Poey). 


Microspathodon  fowleri  Silvester.      Typ^' 
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ORAL  GESTATION  IN  THE  GAFF-TOPSAIL  CATFISH, 

FELICHTHYS  FELIS. 


Bt  E.  W.  Gudgbr. 


INTRODUCTION. 

In  a  previous  paper  (Gudger,  1916)  I  have  given  in  some  detail 
the  story  of  how  I  came  to  rediscover  the  habit  of  oral  gestation  in  the 
gaff-topsail  catfish,  Felichthys  felia  (plate  i,  figure  1).  In  order  to  give 
the  facts  contained  in  this  paper  their  proper  setting,  a  brief  r^sum^ 
of  the  data  contained  in  the  previous  article  will  here  be  set  forth. 

NARRATIVE. 

In  the  summer  of  1906,  while  at  Cape  Hatteras,  North  Carolina, 
Mr.  N.  F.  Jennett,  who  operated  a  pound-net  fishery  in  Pamlico 
Sound  at  that  place,  told  me  that  in  looking  over  the  catch  of  his 
net  on  the  previous  day  he  had  found  a  number  of  flat-whiskered 
ocean  catfish,  and  that  in  handling  these  he  had  found  in  his  hands  a 
number  of  young.  However,  he  was  unable  to  say  whether  these 
had  come  from  the  mouth  or  the  vent.  At  that  time  I  was  working 
in  the  Beaufort  Station  of  the  United  States  Bureau  of  Fisheries 
engaged  in  research  on  the  embryology  and  breeding  habits  of  fishes, 
so  on  my  return  I  at  once  began  to  look  up  the  literature  as  to 
habits  of  catfishes.  I  found  that  while  there  was  a  considerable 
literature  on  oral  gestation  in  catfishes,  certain  rather  definite  con- 
clusions were  held  that  the  smaller  ocean  catfish  {Galeichthys  mUberti), 
also  found  at  Beaufort  and  well  known  to  me,  is  ovo-viviparous. 
Further,  dissection  of  female  gaff-topsails  showed  that  the  hinder  part 
of  each  ovary,  and  especially  the  duct  leading  therefrom,  was  laid  in 
plicated  folds  highly  vascularized,  in  which  it  seemed  possible  for  eggs 
to  be  held  and  nourished  imtil  hatched.  However,  on  talking  the 
matter  over  with  a  number  of  well-informed  fishermen  of  Beaufort,  I 
found  that  it  was  well  known  that  the  gaff-topsail  carries  in  its  mouth 
its  eggs  and  even  the  larvse  after  hatching.  One  man  put  it  that  he 
''had  seen  the  sea-cat  spit  its  eggs  out  of  its  mouth."  Unfortunately 
the  breeding  season  was  past  and  it  was  impossible  to  investigate 
these  conflicting  reports  by  study  of  the  fish;  so  it  was  necessary  to 
let  the  matter  stand  over  until  the  next  summer. 

At  the  beginning  of  the  season  at  Beaufort  in  1907,  difiSculties 
were  had  in  collecting  early  material  and  in  finishing  my  observations 
on  the  breeding  habits  and  embryology  of  another  fish;  hence  it  was 
not  until  June  22  that  it  was  found  possible  to  make  a  trip  for  catfish. 
In  the  Narrows  of  Newport  River,  at  Rockfish  Rock  hauling-ground, 
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a  big  catch  of  Felichthys  was  made.  Thirty-two  males  carrying  eggp 
were  measured,  and  probably  as  many  more  were  relieved  of  their 
oral  burdens.  Some  half  dozen  of  these  were  dissected  and  without 
exception  all  were  foimd  to  be  males.  A  large  number  of  eggs  was 
obtained,  estimated  at  between  200  and  300,  the  greatest  number 
taken  from  one  fish  being  26.  These  eggs  were  held  loosely  in  the 
mouth,  which  was  enlarged  by  a  distension  downward  of  the  hyoid 
region  and  outward  of  the  branchial  arches,  as  shown  in  figures  2  and 
3,  plate  I.  Some  of  these  eggs  are  shown  in  figure  8,  plate  in.  figure 
7,  plate  III,  is  a  photograph  of  the  mouth  of  one  of  these  fish  with  the 
eggs  in  situ.  Attention  is  called  to  the  extraordinarily  distended 
mouth  and  to  the  great  size  of  the  eggs.    One  of  these  has  two  embryos. 

Other  trips  were  made  during  the  summer  of  1907,  and  scores  of 
fish  and  himdreds  of  eggs  were  taken.  Many  observations  and 
measurements  of  the  adults  were  made;  and  much  study  was  given 
to  the  eggs  and  larvse,  which  were  kept  alive  with  considerable  diffi- 
culty in  aquaria  in  the  laboratory.  The  result  of  all  this  work  was  the 
definite  establishment  of  the  fact  that  the  male  of  the  gaff-topsail 
catfish  takes  the  recently  spawned  and  fertilized  eggs  into  his  mouth 
and  there  nurses  them  imtil  they  are  hatched  and  until  the  young 
are  able  to  care  for  themselves. 

During  the  summers  of  1908,  1909,  1910,  1911  and  1912,  the  search 
for  gaff-topsails  was  assiduously  continued  and  no  effort  was  spared 
to  capture  breeding  males  in  the  hope  that  early  stages  in  the  devel- 
opment of  the  eggs  might  be  obtained.  These  efforts  were  attended 
by  few  successes  and  many  failiu'es.  The  failures  in  the  seasons  of 
1908  and  1912  are  mainly  to  be  attributed  to  imprecedentedly  heavy 
rainfall  in  the  Beaufort  region  towards  the  close  of  May.  These 
rains  so  freshened  the  water  at  the  head  of  Newport  estuary  as  to  drive 
the  catfish  into  the  lower  and  broad  stretches  of  the  river,  where  it 
was  found  impossible  to  take  them  (despite  almost  daily  seinings)  at 
localities  previously  favored  by  the  fish. 

However,  all  the  failures  do  not  have  so  simple  an  explanation, 
for  the  fishermen,  taking  all  possible  precautions,  made  haul  after 
haul  in  "holes"  where  recently  or  in  previous  seasons  we  had  made 
fine  catches,  but  the  net  came  in  with  no  catfish  or  at  best  with  a  few 
females  or  non-breeding  males.  In  1911, 1  even  went  so  far  as  to  make 
two  trips  to  Beaufort;  the  first  covering  the  time  from  May  13  to  18, 
the  second  for  the  season  beginning  May  25.  The  first  time  I  was  too 
early,  the  breeding  not  having  commenced ;  the  second  time  too  late, 
the  eggs  having  been  laid  during  the  interim. 

These  various  failures  were  all  the  more  regrettable  because  in  the 
summers  of  1908  and  1910,  thanks  to  a  grant  from  the  Carnegie  Insti- 
tution of  Washington,  an  artist  was  at  hand  to  make  drawings^  for 

^The  drawinga  rcproduoed  in  this  ]>aper  in  figures  1,  2  and  3,  plate  i;  and  9,  10,  11,  12  in 
plate  IV,  were  made  by  Mr.  E.  A.  Morriaon  iinder  this  grant. 
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the  embryology  of  the  fish.  However,  the  work  went  on,  and  grad- 
ually the  series  of  eggs  was  pushed  both  forward  and  backward  until 
now  there  is  a  complete  series  illustrated  by  photographs  or  drawings 
from  invagination  to  the  adult  embryo. 

HISTORICAL  ACCXJUNT. 

r 

The  brief  historical  accoimt  herein  contained  will  be  confined  to  the 
gaff-topsail. 

The  first  scientific  man  who  seems  to  have  had  knowledge  of  this 
curious  habit  of  the  gaff-topsail  was  S.  C.  Clarke.  In  the  American 
Angler  for  December  15,  1883,  he  says  of  the  gaff-topsail  in  Florida: 
'*The  ^gs  of  this  species  are  golden  yellow,  and  of  the  size  of  grapes, 
which  they  much  resemble,  in  bunches  of  ten  or  twelve.  The  fisher- 
men say  that  this  catfish  carries  its  yoimg,  when  hatched,  in  its  mouth.'' 
The  following  year  this  statement  was  republished  in  "Fishes  of  the 
East  Atlantic  Coast''  by  Van  Doren  and  Clarke. 

In  1883,  and  again  in  1887,  John  A.  Ryder  makes  brief  mention  of 
the  fact  that  male  catfish  of  the  genus  Aelurichthys  (an  old  synonym 
for  FeUchihys)  carry  the  large  eggs  (0.75  to  0.875  inch  in  diameter) 
in  the  hinder  part  of  their  mouth-cavities  until  the  yoimg  are  hatched. 
Unfortimately  he  gives  no  clue  to  the  locality  from  which  the  eggs 
in  his  possession  came. 

Last  of  all  comes  Holder's  (1904)  brief  mention  of  this  habit  in  his 
delightful  book  of  fishing  stories  entitled  "The  Boy  Anglers."  On 
page  175  is  the  following  interesting  statement: 

''Tom  .  .  .  secured  ...  a  gaff-topsail  catfish  ....  As  the  boatman 
attempted  to  unhook  it,  he  showed  the  boys  its  ^gs  packed  on  the  inside  of 
its  mouth,  where  they  are  carried  until  they  hatch;  and  even  the  young  fish 
are  protected  in  this  way  until  they  can  care  for  themselves. " 

In  1908  I  read  a  paper  on  this  habit  of  this  fish  before  the  North 
Carolina  Academy  of  Science,  but  not  being  ready  to  give  out  my 
observations,  the  title  only  was  reported  in  the  proceedings.  In  1912, 
in  the  Proceedings  of  the  American  Association  for  the  Advancement 
of  Science  for  1911,  Section  F,  I  published  a  short  abstract  giving  the 
essential  facts  as  to  this  habit,  size  of  mouth-cavity,  size,  munber  of 
e^s,  etc.    Later  I  published  the  1916  paper. 

There  is  now  to  be  given  an  accoimt  about  which  there  is  some 
doubt,  but  it  seems  best  to  insert  it.  Bloch  (1794)  figures  (plate  365) 
a  catfish  from  American  waters  which  he  calls  Silurus  hagre.  This 
fish  the  Eigenmanns  (1890)  identify  with  Felichihys  felis.  In  a  former 
paper  (Gudger,  1916)  the  question  of  identity  has  been  discussed  and 
there  seems  to  be  little  reason  to  doubt  that  this  identification  is  correct 
However,  the  point  of  interest  just  here  is  that  on  this  same  plate 
(365)  Bloch  has  figured  a  little  catfish  sitting  on  a  large  yolk  with  its 
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tail  bent  upward  at  a  sharp  an^e,  but  without  anywhere  ref^ring 
to  it,  though  in  the  adjacent  text  he  has  been  discussing  oral  ge8tatk>n 
in  SHurus  miUtarie,  which  he  figures  without  barbels.  However, 
some  seven  years  after  Bloch's  death,  Schneider,  in  editing  the  Sy^- 
tema  IchthyologicB  (1801)  of  his  predecessor,  sajrs  in  a  footnote  to 
SUurus  hagre  (p.  378) :  ''I  have  observed  the  eggs  of  this  fish  about 
to  be  hatched  in  the  mouth."  The  larval  form  as  figured  by  Blodi 
on  plate  365  has  6  barbels  and  lacks  the  filament  to  the  dorsal  fin. 
Whether  these  are  errors  chargeable  to  the  artist  can  not,  of  course,  be 
determined.  Possibly  this  little  fish  is  the  young  of  some  other  edhi- 
roid  described  by  Bloch  in  the  context.  At  any  rate  it  may  be  noted 
here  that  Bloch  is  the  first  to  describe  oral  gestation  in  siluroid  fishes. 
The  whole  matter  is  very  obscure,  but  the  data  are  given  here  that  the 
reader  may  draw  his  own  conclusions.  It  is  interesting,  howew, 
to  note  that,  immediately  after  bursting  the  tough  eggshell,  the  little 
gaff-topsail  has  the  same  high-waving  tail  as  that  figured  by  Bloch. 
(See  fig.  10,  plate  iv.) 

THE  BREEDING  SEASON. 

The  limits  for  egg-laying  by  the  gaff-topsail  at  Beaufort  can  not 
be  set  very  narrowly,  but  an  attempt  will  be  made  to  indicate  when 
males  with  eggs  may  be  taken.  This  research  was  initiated  the  first 
week  in  August  1906,  but  only  females  long  spent  were  taken.  The 
real  search  for  the  fish  was  begun  in  1907,  when  the  first  female 
was  captured  on  June  4.  Her  ovary  had  in  it  no  eggs  over  10  mm.  in 
diameter,  but  did  show  a  lot  of  recently  evacuated  follicles.  On  June 
6,  other  females  were  brought  in  having  ova  as  large  as  20  mm. 
Plainly,  the  breeding  season  was  not  over. 

As  explained  before,  it  was  found  impracticable  to  search  for  the 
breeding  males  in  1907  until  June  22,  and  the  ^gs  taken  on  this  day 
had  on  them  young  in  various  stages,  but  the  majority  had  the  whole 
yolk  covered  with  the  blood  vascular  system. 

The  search  for  early  stages  of  the  eggs  b^an  in  1908  on  June  3. 
On  this  day  a  female  with  empty  follicles  was  taken,  as  were  others 
two  days  later.  Notwithstancting  daily  seinings,  no  eggs  were  taken 
until  June  11,  and  constant  inquiries  brought  no  news  of  the  finding 
of  a  single  egg  by  any  of  the  fishermen  before  this  date.  Our  failures, 
as  explained  elsewhere,  were  due  to  the  freshening  of  Newport  River 
by  heavy  rains.  The  youngest  of  these  %gs  had  the  yolk  circulation 
covering  quite  half  of  the  egg  and  were  at  least  10  days,  probably 
2  weeks  old. 

In  1909,  the  first  eggs  were  taken  May  27.  These  had  on  them 
forming  embryos  with  a  huge  open  blastopore  behind.  They  were 
probably  from  5  to  7  days  old.  However,  a  number  of  females  were 
taken  having  enormous  bellies  due  to  the  greatly  swollen  imdischarged 
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ovariee.  A  number  of  these  females  were  brought  to  the  laboratory 
in  a  live-car  and  kept  in  the  turtle  poimd.  Four  dajrs  later  the  largest 
of  these  was  spawned  artificially  and  gave  up  68  grown  ^gs. 

In  1910,  the  first  eggs  were  taken  May  21,  before  my  arrival.  These 
were  few  in  number  and  low  in  vitality,  whether  because  they  were 
naturally  infertile  or  because  they  had  not  been  fertilized  could  not 
be  determined.  On  May  26  we  were  fortimate  in  getting  males  with 
eggs  in  early  invagination  stages.  These  were  probably  3  to  6  dajrs  old. 
On  the  following  day  more  %gs  of  about  the  same  stage  were  taken. 

In  1911,  as  noted  elsewhere,  two  trips  were  made  to  Beaufort  for 
gaff-topsaUs.  Having  always  been  too  late  for  early  stages  hereto- 
fore, I  went  too  soon  this  year.  The  first  seining  was  done  May  13  and 
40  or  50  huge  females  were  taken,  but  from  none  of  them  could  eggs 
be  obtained.  A  large  number  of  males  was  also  caught  but  not  one 
bad  the  depressed  hyoid  region  indicative  of  the  breeding  season. 
On  May  16  a  number  of  large  females  were  obtained  but  none  would 
give  up  eggs.  The  males,  however,  of  this  day's  catch  had  enlarged 
oral  cavities  ready  to  receive  eggs.  None  of  these  females  had  genital 
orifices  markedly  reddened.  This  spring  was  a  late  cold  one  and  had 
evidently  delayed  the  spawning  beyond  the  normal  time. 

My  second  trip  in  1911  gave  me  a  seining  on  May  25.  From  this 
were  obtained  the  youngest  eggs  ever  gotten  in  this  research — eggs 
with  the  invaginating  edge  of  the  blastoderm  placed  equatorially. 
Here  again  I  was  too  late  for  s^mentation  stages,  the  eggs  having 
been  laid  in  my  absence.  However,  they  could  hardly  have  been  more 
than  3  days  old. 

The  breeding  season  is  plainly  determined  by  the  stage  of  ripeness 
of  the  eggs  and  this  is  pretty  definitely  fixed  by  the  temperature. 
With  a  warm  spring,  ^g-laying  comes  earlier,  with  a  cold  one  later; 
but  the  evidence  seems  to  be  that  once  the  laying  begins  it  is  quickly 
concluded.  Normally  this  breeding  season,  as  indicated  by  the  data 
above  given,  begins  about  May  18-20,  and  rarely  extends  over  10 
days,  probably  being  concluded  in  even  less  time.  This  is  plainly 
evidenced  by  the  difi&culty  in  finding  early  stages,  and  further  by  the 
fact  that  the  majority  of  eggs  taken  in  any  season  at  any  time  are  all 
about  the  same  stage. 

There  must  now,  however,  be  given  some  data  which  contrasts 
markedly  with  the  foregoing.  On  July  21,  1910,  there  were  brought 
to  me,  by  fishermen  in  Newport  River,  2  male  catfish  with  eggs  and 
larvse  in  their  mouths.  The  6  larvsB  had  their  yolknsacs  four-fifths 
closed  over  by  the  body-walls  and  were  able  to  swim  freely  and  actively. 

The  28  eggs  had  on  them  embryos  which  were  just  beginning  to 
show  dark  stippling  on  the  dorsal  parts,  and  were  plainly  from  two 
to  three  weeks  younger  than  the  larvae  above  described.  This  is  a 
remarkable  case.    The  eggs  were  of  a  late  laying.    With  this  case 
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another  must  be  correlated.  On  June  8, 1910, 1  took  a  female  having 
ovarian  eggs  7.5  to  8  mm.  in  diameter.  These  mi^t  have  poenbly 
come  to  maturity  and  would  then  have  been  extruded  to  give  late 
embryos  like  those  described  above.  Thk  certainly  would  have  been 
the  case  with  the  female  having  ovarian  eggs  of  20  mm.  on  June  6, 
1907.  These  cases  are,  however,  isolated  ones  among  scores  and 
even  himdreds  of  normal  ones,  and  are  probably  instances  of  extreme 
variation.  On  page  36  it  is  noted  that  the  28  eggs  above  rrferred 
to  were  markedly  smaller  than  the  normal  ones. 

DISTINCTION  BETWEEN  SEXES. 

Except  at  the  breeding  season  there  is  no  way  of  distinguishing 
between  the  sexes  by  their  external  appearance,  and  so  dissection 
must  be  resorted  to.  As  the  breeding  season  approaches  the  fishes 
begin  to  show  secondary  sexual  characters,  llie  females  develop 
great  swollen  abdomens  by  reason  of  their  tremendously  enlai^ed 
ovaries  filled  with  20-millimeter  eggs.  However,  even  then  there  is 
a  chance  for  error,  since  a  male  after  a  hearty  meal  of  crabs  might 
also  present  much  the  same  appearance,  though  he  would  hardly  have 
such  an  enormous  abdomen  as  was  foimd  in  the  female  from  which 
were  spawned  68  eggs  averaging  20  mm.  in  diameter.  As  the  time 
for  oviposition  approaches,  the  anal  region  of  the  female  becomes 
highly  vascularized,  and  the  genital  pore  becomes  very  red  and  quite 
protuberant  and  is  noticeably  enlarged.  This  is  a  sure  sign  that  the 
eggs  are  about  ripe  and  ready  for  expulsion. 

More  marked,  however,  is  the  appearance  of  the  male.  Even 
before  the  eggs  are  received,  and  probably  as  a  sexual  reflex,  the  hyoid 
region  of  the  male  imdergoes  a  marked  downward  deflection  and 
outpushing  (fig.  2,  plate  i),  and  the  gill-covers  become  somewhat 
distended  outward  (fig.  3,  plate  i) .  These  phenomena  develop  in  all 
oral-gestating  fishes.  These  outpushings  very  considerably  increase  the 
capacity  of  an  already  very  large  buccal  cavity  and  are  an  invariable 
sign  that  such  a  fish  is  carrying  eggs,  is  ready  to  receive  eggs,  has 
just  cast  out  the  eggs,  or  has  given  up  the  young. 

METHOD  OF  TRANSFER  OF  THE  EGGS. 

On  this  interesting  point  nothing  definite  is  known.  In  1858 
Green,  and  in  the  following  year  Wyman  (1859),  reported  the  finding 
of  eggs  of  two  species  in  the  mouth  of  an  oral  incubating  catfish  of 
Guiana.  From  this  they  concluded  that  the  eggs  were  disgorged  in 
order  to  feed  and  later  were  taken  up  again.  From  this  it  is  not  a  far 
cry  to  Goode's  quotation  from  letters  from  Silas  Steams  (Gill's  revision 
of  Goode's  American  Fishes,  1903) :  ''It  {Galeichlhya  milberti)  breeds  in 
summer,  in  June,  July,  and  August.  The  spawn  is  deposited  in  a  depres- 
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sion  of  the  sand  and  impregnated  with  milt.  One  of  the  parent  fish  then 
takes  the  eggs  in  his  mouth.  .  .  .  The  eggs  are  carried  in  this  position 
imtil  the  embryo  fish  are  hatched."  Whether  this  is  an  observation  or  a 
conjecture  of  Stearns's  can  not  be  said.  However,  the  statement  is 
very  direct  and  positive.  Smith  (1907)  quotes  it  as  a  fact,  and  it 
should  be  noted  here  that  Stearns  seems  to  have  been  a  careful  and 
acciurate  observer,  and  that  he  had  Groode's  full  confidence. 

However,  Steindachner  (1875),  in  describing  AriiLs  planiceps,  a 
catfish  from  Panama,  found  that  at  the  breeding  season  the  innermost 
edges  of  the  ventral  fins  of  the  female  are  developed  so  as  to  form  a 
kind  of  pocket.  He  conjectured  that  the  eggs  are  extruded  into 
this,  fertilized  by  the  male,  and  then  taken  into  his  mouth.  He  found 
a  similar  structure  on  the  female  of  A.  kessleriy  the  male  of  which  is 
also  a  mouth  brooder.  Moreover,  two  years  before  this.  Day  (1873), 
writing  of  the  Indian  genera  Ariv^  and  Osteogeniosus,  had  described 
precisely  similar  structures  and  had  made  an  identical  surmise. 

The  present  writer  has  sought  diligently  to  ascertain  the  method 
of  transfer  in  the  gaff-topsail  catfish,  but  in  vain.  The  fish  are  so 
large  that  it  has  not  been  found  practicable  to  isolate  them  in  pairs, 
and  the  water  is  too  muddy  at  their  breeding-grounds  in  Newport 
River  for  any  observations  to  be  made  in  the  open.  No  structiu'es 
like  those  described  by  Steindachner  have  been  noticed  on  any  female 
examined.  The  manner  of  transfer  of  the  %gs  in  this  fish  is  still  a 
mystery. 

SEX  OF  THE  EGG^ARRIER. 

As  has  been  stated  in  the  preceding  pages,  and  made  clear  in  the 
article  previously  referred  to  (Gudger,  1916),  it  is  always  and  only 
the  male  that  carries  the  egg3.  This  has  been  definitely  determined 
for  the  gaff-topsail  by  scores  of  dissections.  In  this  matter  Felichthys 
felts  falls  in  line  with  all  other  siluroid  buccal  incubators  on  record 
save  one.  This  one  exception — ^probably  more  apparent  than  real — 
is  Aritis  commersonii,  a  sea  catfish  found  in  the  brackish  waters  of 
southern  Brazil. 

Hensel  (1870)  first  made  known  this  interesting  habit  in  this  fish 
and  noted  that  the  male  is  the  incubator.  Fifteen  years  later,  von 
Ihering  (1885)  confirmed  Hensel  and  concluded  his  note,  which  is 
incidental  to  a  geographical  article  on  the  Lagoa  dos  Patos  (in  which 
the  fish  are  caught),  by  saying  that  it  is  the  female  which  carries  the 
eggs.  In  1888,  von  Ihering,  in  a  fuller  note  on  the  fish,  records  the 
finding  of  egg^  in  the  mouths  of  both  parents,  but  thinks  this  excep- 
tional in  the  case  of  the  female,  while  the  rule  for  the  male.  However, 
in  1896,  he  again  notes  that  both  parents  incubate  the  eggs. 

In  the  section  of  this  paper  on  feeding,  it  will  be  shown  that  the 
female  gaff-topsail  is  cannibalistic  in  tendency,  being  occasionally 
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found  with  a  stomach  full  of  her  own  eggs  or  those  ol  her  sisters. 
This  fact  is  believed  to  offer  a  solution  of  von  Ihering's  dual  observa- 
tions.   If  this  be  accepted  as  true  then  all  known  siluroid  wal  ges- 

tators  are  males. 

SIZE  OF  MOUTH  CAVITY. 

While  this,  of  course,  varies  with  the  sijse  of  the  fish,  it  is  always 
large,  since  the  head  of  this  fish  is  much  larger  in  im>portion  to  the 
size  of  the  body  than  is  generally  the  case  in  teleosts.  This  may  be 
easily  seen  by  turning  to  plate  i,  figure  1 ;  to  the  dorwA  view  of  the 
head,  plate  i,  figure  3;  and  to  the  figure  showing  the  mouth  with 
embryos,  plate  m,  figure  7. 

Incubating  males  vary  greatly  in  extremes  of  size.  The  smallest 
ever  taken  by  the  writer  was  13  inches  long  over  all  and  carried  4 
eggs;  while  the  largest  was  23  inches  in  extr^ne  length  but  carried 
no  eggs.  However,  the  condition  of  his  hyoid  r^on  indicated  that 
he  had  just  given  up  or  was  about  to  receive  eg^  The  largest  number 
of  eggs  taken  from  one  male  was  55,  the  fish  being  22  inches  long. 
However,  the  average  size  of  adult  egg-carriers  is  remarkably  unifcmn, 
running  from  18  to  21  inches.  On  the  other  hand  adult  breeding 
females  run  larger,  from  about  19  to  24  inches. 

Casts  were  made  of  the  buccal  cavities  of  5  nursing  males,  and  4 
of  these  will  now  be  described  seriatim.  The  first,  a  cast  of  plaster 
of  pans,  with  a  volume  of  140  c.c,  was  made  from  an  18-inch  male. 
The  second,  also  of  plaster,  is  of  the  mouth  of  a  male  18.75  inches  long 
carrying  11  eggs.  Its  volume  is  135  c.c.  The  third,  of  the  same  mate- 
rial as  the  preceding,  was  at  the  time  thought  to  be  the  mRYimiim  of 
size  since  it  had  a  displacement  of  267  c.c.  Unfortunately  the  notes 
giving  the  size  of  the  fish  and  the  number  of  ^gs  carried  have  been  lost. 
However,  these  may  easily  be  omitted  since  full  data  can  be  giv^i  for 
the  fourth  fish,  the  one  from  whose  mouth  55  eggs  were  taken. 

This  fish  (22  inches  long)  was  brought  to  the  laboratory  that  a 
plaster  cast  of  its  enormous  ''Eeimhole"  might  be  made,  but  there 
was  not  enough  plaster  in  the  laboratory  to  fill  it,  and  there  was  none 
in  Beaufort.  In  this  predicament  the  director  of  the  laboratory, 
Mr.  Henry  D.  AUer,  came  to  the  rescue  with  the  suggestion  that  a 
cast  be  made  of  Portland  cement,  a  barrel  of  which  was  at  hand. 
This  was  done  and  the  fish  was  held  with  a  towel  wrapped  around  its 
gills  to  prevent  the  escape  of  the  semi-liquid  cement  until  it  had 
hardened.  The  head  was  then  cut  off  and  put  in  a  dense  cedar  thicket 
imder  a  box  where  it  remained  until  the  ants  had  eaten  off  all  the  flesh. 
Then  the  cast  was  carefully  freed  of  the  disarticulated  bones,  shd- 
lacked  and  preserved. 

This  cast,  shown  in  dorsal,  lateral,  and  ventral  views  in  figures  4, 
5,  and  6,  plate  ii,  is  enormous,  exceeding  in  volume  both  the  next 
largest  taken  together.    Immersed  in  water  up  to  the  deep  insinking 
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made  by  the  sphincter  muscles  of  the  cesophagus,  its  displacement 
is  580  c.c.  The  volume  of  the  average-sized  egg  is  3.75  c.c.  Fifty- 
five  eggs  would  have  a  total  volume  of  206.3  c.c.  Allowing  one-third 
of  this  additional  for  the  interstices  between  the  eggs,  the  total  space 
occupied  by  the  eggs  was  275  c.c,  leaving  315  c.c.  not  occupied. 

The  mouth-cavities  of  the  fish  carrying  these  egg3  were  very  large 
to  begin  with,  since,  as  has  been  noted,  the  head  makes  up  a  large  part 
of  this  catfish,  and  these  cavities  were  still  further  enlarged  to  accom- 
modate the  considerable  numbers  of  immense  eggs  carried  therein. 
Careful  dissections  have  brought  to  light  the  following  points:  (1)  the 
gill-covers,  while  outwardly  showing  no  very  marked  distention, 
inwardly  stand  out  and  away  from  the  gills  by  about  half  the  diameter 
of  an  egg;  (2)  the  gill-arches  are  pushed  outward,  giving  them  a  sharp 
boomerang-like  bend  in  the  center;  (3)  the  hyoid  cartilages  are  greatly 
depressed,  forming  an  outpushing  which  has  been  elsewhere  referred  to 
as  a '' double-chin"  as  shown  in  the  drawing  of  this  fish,  figure  2,  plate 
i;  (4),  that  part  of  the  buccal  cavity,  behind  the  pharyngeals  and  back 
of  the  last  gill-arch,  extending  to  the  point  where  the  sphincter  muscle 
shuts  off  the  oesophagus,  is  of  considerable  volume,  and  in  it  are  always 
to  be  found  the  last  eggs,  which  are  always  more  or  less  hard  to  extract. 
This  was  particularly  noted  in  the  season  of  1909.  The  males  could  be 
held  up  by  the  tail  and  shaken  without  setting  all  of  the  %gs  free.  In 
a  large  fish  there  is  space  enough  back  of  the  last  gill-arch  for  a  number 
of  ^gs  to  be  held  snugly  by  the  mucous  lining  of  the  pharynx. 

The  above  measurements,  while  accurate  enough  for  the  casts, 
can  only  approximately  give  us  the  sizes  of  the  buccal  cavities  of 
these  fish.  That  some  error  is  to  be  discounted  is  clear  from  the 
process  of  making  the  casts  as  given  on  page  34.  The  plaster  casts 
are  probably  too  small,  owing  to  too  great  constriction  in  the  opercular 
region;  while  the  cement  cast  is  probably  somewhat  too  large,  owing 
to  the  distention  caused  by  the  large  amount  of  heavy  cement. 

SIZE  OF  EGGS  AND  THE  hRJMBER  INCUBATED. 

The  eggs,  while  enormously  large,  show  considerable  variation  in 
size,  running  from  15  to  25  mm.  in  diameter.  Heretofore,  however, 
sufficient  measiu^ements  have  not  been  made  to  enable  one  to  say 
with  any  definiteness  what  is  the  size  of  the  average  egg  of  any  oral 
gestator.  For  the  gaff-topsail  himdreds  of  measurements  have  been 
made  and  from  them  the  following  diameters  are  given  as  covering 
both  normal  and  abnormal  sizes  of  eggs.  It  has  been  constantly 
observed  that  the  non-fertile  eggs  of  this  fish  are  much  larger  than 
the  fertile  ones.  In  1908,  at  one  catch  11  such  eggs  were  taken  and 
measured  in  3  diameters.  They  ran  in  millimeters,  17  by  18  by  20, 
18  by  19  by  20,  18  by  19  by  21, 18  by  20  by  21, 19  by  20  by  21,  21  by 
21  by  22,  22  by  22  by  22,  22  by  22  by  23  (two),  22  by  22  by  25,  23  by 
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24  by  27.  The  largest  fertUe  eggs  measured  18  by  18  by  19,  19  by  19 
by  20,  19  by  19  by  22,  20  by  20  by  21.  Incidentally  these  measure- 
ments show  that  the  eggs  are  rarely  round,  some  are  maricedly  dhp- 
tical — one  22  by  22  by  26  mm. 

To  ascertain  the  average  size,  the  following  data  are  selected  out  of 
the  large  amount  available.  Of  live  eggs  138  were  measured  as  follows: 
Longest  diameter  only:  17.5  mm.,  two  eggs;  18,  nine;  18.5,  eleven; 
19,  thirty-nine;  19,5,  ten;  20,  thirty-eight;  20.5,  eight;  21,  nineteen; 
21.5,  twenty-two.  Average  of  138  live  eggs  18.8  mm.  Of  preserved 
eggs,  189  were  measured  as  above:  16.5  mm.,  three  eggs;  17,  one; 
17.5,  one;  18,  fom*;  18.5,  two;  19,  thirty-foiu*;  19.5,  eleven;  20, 
sixty-foiu*;  20.5,  ten;  21,  forty-nine;  21.5,  five;  22,  five.  Average 
of  189  dead  eggs,  20  mm.  The  average  of  the  327  eggs  is  19.5  mm. 
From  the  above  it  will  be  seen  that  the  largest  niunber  of  eggs  meas- 
ure 19,  20,  and  21  nun.  in  longest  diameter,  the  20-nun.  eggs  being  the 
most  abundant — 102  out  of  327.  Normal  eggs  of  this  size  are  shown 
in  figure  8,  plate  ni,  while  the  egg  of  figure  9,  plate  rv,  is  about  the 
same  size  but  has  an  older  embryo. 

In  connection  with  the  foregoing  data,  the  following  measurements 
should  be  given,  since  they  are  of  the  smallest  eggs,  taken  as  a  lot, 
which  have  been  found  in  the  six  years'  search.  They  measured  in 
longest  diameter:  15  nun.,  one;  16,  three;  16.5,  one;  17,  foiu*;  17.5, 
one;  18,  ten;  18.5,  one;  19,  seven.  The  average  for  the  28  eggs  is 
17.7  mm.  This  average,  however,  would  be  much  lower  if  the  last 
three  lots  of  eggs  of  normal  size  were  omitted,  or  even  the  one 
last  lot  only.  These  eggs  were  taken  on  July  21,  1910,  and  contained 
embryos  having  black  stippling  on  the  dorsal  siuface.  At  the  same 
time  there  were  obtained,  from  another  fish,  5  larvae  which  seemed  to 
be  from  2  to  3  weeks  older  than  these  embryos.  All  these  things  lead 
to  the  conjectiu'e  that  possibly  these  smaller  eggs  are  a  lot  coming  to 
matimty  later  and  are  of  a  second  laying.    On  these  points  see  page  31 . 

Not  only  is  there  great  variation  in  the  size  of  the  eggs,  but  also  in 
the  number  carried.  Twice  I  have  taken  fish  with  only  2  eggs  in  the 
mouth.  The  smallest  incubators  caught  during  this  research  were 
13  and  15.5  inches  over  all.  Each  carried  4  eggs.  Other  small  numbers 
of  eggs  incubated  were  2,  5,  8,  11  (in  2  fish),  13,  14,  15  (in  2  fish), 
16,  etc.  The  largest  number  found  was  55  in  a  22-inch  male.  Notable 
also  are  50  (22-inch  fish),  45  (taken  twice),  38  (22-  and  20-inch 
fish),  36  (from  a  notably  small  fish  17.25  inches  long),  35  (22-inch), 
32  (fish,  20.25  inches  long),  and  numerous  catches  in  the  twenties. 
Once  a  large  male  was  found  with  only  one  egg  in  his  mouth  (the 
only  instance  anong  hundreds  captiu'ed),  but  from  the  great  size  of 
the  buccal  cavity  it  is  probable  that  other  eggs  had  been  thrown  out. 

That  these  large  nimibers  of  colossal  eggs  do  not,  however,  entirely 
fill  the  capacious  buccal  cavities  of  these  fish  may  be  readily  perceived 
by  referring  to  the  calculations  given  on  pages  34  and  35. 
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Before  leaving  this  subject  brief  reference  may  be  made  to  the 
large  size  and  to  the  nimiber  of  eggs  which  are  carried  by  other  silu- 
roids  practicing  oral  gestation.  Evermann  and  Goldsborough  (1902) 
noted  that  39  eggs  were  taken  from  the  mouth  of  a  13.&-inch  male 
Co7U)rhynchus  nelsoni.  The  average  size  of  the  eggs  measured  was  ten- 
sixteenths  by  eleven-sixteenths  of  an  inch.  Von  Ihering  (1888)  found 
egg^  of  18  nmi.  diameter  to  the  nimiber  of  3  or  4  dozen  in  the  mouths  of 
"large"  males  of  Arius  commersonii  (Netuma  or  Tachysurus  harbits),  a 
salt-water  catfish  of  southern  Brazil.  Day  (1873)  obtained  15  to  20 
eggs,  0.5  to  0.6  inch  in  diameter  from  the  mouths  of  Osteogeniosus  mili- 
taris  and  various  species  of  the  genus  Ariiis  in  India.  Boake  (1866) 
reported  the  eggs  of  his  Cingalese  Arivs  to  be  about  the  size  of  small 
grapes.  Giinther  (1864)  says  that  the  eggs  of  Arius  fissus  of  Cayenne 
are  rather  larger  than  peas.  Last  of  all,  but  not  least,  are  the  eggs  of 
that  catfish  of  Guiana  whose  native  name  is  jarra-bakka,  which  are 
declared  by  Wyman  to  measure  0.75  inch  in  diameter.  However, 
it  may  be  remarked  that,  although  much  work  has  been  done  in  recent 
years  on  oral  gestation  in  the  catfishes  of  Guiana,  none  with  eggs  so 
large  has  ever  been  taken. 

SIZE  OF  YOUNG  AND  NUMBER  CARRIED. 

It  is  to  be  regretted  that  no  such  full  data  can  be  given  for  larvse 
as  for  eggs  carried  by  the  gaff-topsail  paterfamilias.  Unfortunately 
but  few  lots  of  larvse  were  taken,  and  these  larvae  were  rarely  killed 
at  the  time  of  capture,  but  were  kept  that  their  behavior  might  be 
studied,  their  organogeny  worked  out,  and  drawings  of  them  made. 

On  July  18,  1907,  an  18-inch  male  was  caught  and  from  his  mouth 
were  taken  21  larvse.  One  of  these,  of  average  size,  after  being  in  10 
per  cent  formalin  for  24  hours,  measured:  extreme  length  (point  of 
snout  to  tip  of  upper  lobe  of  caudal)  57  mm. ;  outside  width  over  eyes 
11.25  nmi.;  length  of  dorsal  spine  14.75  mm.;  yolk-slit,  longitudinal 
measurement  18  mm.,  transverse  16.5  mm. 

On  July  7,  1908,  an  ovigerous  male  was  taken  in  whose  mouth  were 
found  6  larvse  measuring  53  to  55  mm.  long  over  all.  On  July  21, 
1910,  5  larvse  were  taken  from  the  mouth  of  a  male,  but  unfortunately 
neither  father  nor  young  was  measured.  Young  of  about  this  stage 
are  shown  in  figure  11,  plate  iv. 

As  to  the  size  the  young  attain  before  leaving  the  shelter  of  the 
paternal  mouth,  fairly  definite  data  can  be  given.  In  general  it  may 
be  stated  that  departure  does  not  occur  until  the  fishlet  is  grown, 
1.  e.,  until  the  yolk-sac  has  been  inclosed  by  the  body-walls.  This  a 
priori  conclusion  was  verified  when,  on  July  20,  1908,  my  fishermen 
brought  in  a  young  catfish  which  they  had  taken  from  the  mouth  of 
an  adult  some  hours  before.  In  this  fish,  which  was  about  4  inches 
long,  the  body-walls  had  completely  closed  over  the  yolk  of  which 
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there  was  no  outward  sign  save  for  a  fine  aldermanic  curve  in  the 
abdommal  r^on.  The  escape  overboard  of  the  Uttle  fish  in  the  trans- 
fer to  my  bucket  forestalled  the  taking  of  any  measurements.  The 
fishermen  (men  in  whom  I  have  large  confidence)  told  me  that  towards 
the  close  of  a  haul  they  had  noticed  one  big  catfish  and  a  number  of 
little  ones  swimming  around  in  the  net.  The  little  ones  got  away 
but  the  big  one  was  hastily  secured  and  in  his  mouth  was  found  the 
4-inch  young  one  referred  to.  A  little  catfish  in  this  stage  of  devel- 
opment is  portrayed  in  figure  12,  plate  rv. 

In  this  connection  the  following  incident  may  be  related,  the  narrator 
being  long  and  favorably  known  to  me.  Mr.  T.  E.  Adair  says  Uiat 
in  the  early  nineties,  he  and  his  brother  Charles  were  seining  one  day 
off  the  mouth  of  Wading  Creek  in  Newport  River,  when  their  seine 
brought  in  a  number  of  gaff-topsails.  These  spat  out  a  lot  of  young 
some  2.5  or  3  inches  long  ''with  a  great  big  yolk  dividing  the  little 
fish  in  two."  Then  he  and  his  brother  both  distinctly  saw  the  old  one 
open  his  mouth  and  the  little  ones  swim  into  it.  He  then  ''took  up 
the  big  one  and  poured  out  a  double  handful  of  young  ones." 

In  the  section  on  size  of  mouth  cavity,  it  was  stated  that  5  casts  had 
been  made  but  only  4  were  described;  the  fifth  cast  was  that  of  the 
mouth  of  the  18-inch  male  brooding  21  larvse  as  previously  noted  (p.  37). 
The  volumetric  displacement  of  one  of  these  larvse,  for  which  measure- 
ments have  been  made,  was  4  c.c.  That  of  a  slightly  smaller  one  was  3 
c.c.  scant.  Thus  the  total  volume  of  the  21,  if  they  averaged  4  c.c., 
would  be  84  c.c,  or  if  5  c.c,  only  105  c.c,  while  the  capacity  of  the 
mouth  as  shown  by  the  plaster  cast  was  120  c.c 

In  intimate  relation  with  the  number  of  eggs  and  young  carried  by 
an  adult  male  is  the  question  of  how  many  ^gs  an  adult  female  may 
extrude.  The  largest  nxmiber  of  eggs  gotten  is  55  from  the  mouth  of 
a  22-inch  male.  Only  one  adult  female  has  ever  been  spawned. 
This  fish  is  merely  noted  in  my  records  as  being  very  large  (probably 
about  the  size  of  the  male  above)  and  from  her  were  obtained  68  ^gs. 
Whatever  the  facts  for  smaller  fish,  it  would  seem  that  the  largest 
male  does  not  carry  in  his  great  buccal  cavity  as  many  ^gs  as  the 
largest  adult  female  can  produce.  From  which  it  seems  probable  that 
the  fish  are  polyandrous  as  well  as  polygamous. 

The  data  at  hand  indicate  that  not  all  the  ova  extruded  are  fertil- 
ized, and  it  is  quite  probable  that  all  the  ^gs  fertilized  are  not  hatched, 
and  that  all  the  young  hatched  are  not  matured.  However,  it  would 
seem  from  my  experiments  that,  when  once  the  eggs  are  fertilized,  the 
mortality  in  the  paternal  mouth  is  far  less  than  in  the  best-r^ulated 
hatching-jars.  Considerable  data  on  this  point  have  been  previously 
given  (Gudger,  1916). 
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FOOD  AND  FEEDING. 

From  the  peculiar  dental  armature  of  the  gafif-topsail  (the  teeth 
bemg  confined  to  villifonn  bands  on  the  vomer  and  palatines  and  to 
supra-pharyngeal  and  infra-pharyngeal  pads,  and  hence  adapted  for 
crushing  rather  than  biting,  tearing,  or  holding),  one  would  conjecture 
that  it  is  not  a  feeder  on  fishes,  a  predatory  fish  in  the  common 
acceptance  of  the  term,  but  rather  a  bottom  feeder.  This  finds  con- 
firmation in  the  fact  that  it  prefers  a  muddy  or  sandy  bottom  in  muddy 
water  where  it  finds  its  food  by  the  help  of  its  tactile  organs,  the  bar- 
bels. Moreover,  dissections  of  scores  of  both  males  and  females  make 
it  clear  that  the  gaff-topsail  feeds  almost  exclusively  on  Crustacea. 
Autopsy  reveals  an  occasional  fish  (menhaden  or  croaker),  but  its 
principal  food  is  crab,  blue  crab,  eked  out  with  an  occasional  shrimp. 
From  the  much-distended  stomachs  of  sundry  specimens,  crabs  4 
to  5  inches  wide  have  been  excised,  so  large  that  one  wonders  how  they 
could  have  been  swallowed.  Ocular  examination  of  the  contents 
of  the  intestines  has  shown  large  fragments  of  the  chitinous  cover- 
ings of  Crustacea  with  here  and  there  a  claw.  On  the  whole,  these 
contents  present  a  felt-like  appearance  which  persists  imder  an  ordi- 
nary eye-glass.  The  microscope,  however,  resolves  this  material 
into  minute  fragments  of  chitinous  shell,  grains  of  sand,  bits  of  dirt 
so  small  that  they  give  the  Brownian  movement,  and  immense  num- 
bers of  crustacean  hair-like  setae.  There  can  be  no  doubt  that  Crus- 
tacea large  and  small  form  the  major  portion — ^perhaps  as  much  as 
nine-tenths — of  the  food  of  the  gaff-topsail  catfish. 

The  foregoing  observations  have  been  made  on  females  and  non- 
breeding  males.  Such  have  always  been  found  in  fine  full-fed  condi- 
tion, the  intestinal  tract  being  plump,  well-nourished,  fat,  distended. 
Breeding  females  do  not  have  the  distended  stomachs  of  the  non- 
breeding  ones,  the  size  of  their  colossal  ovaries  forbidding  this,  but 
all  have  been  found  in  good  condition. 

Breeding  males,  whether  carrying  eggs  or  not,  may  always  be 
recognized  at  a  glance  by  their  depressed  hyoid  regions,  their  "double- 
chins."  For  those  without  eggs  it  may  be  conjectured  that  they  have 
through  fright  or  some  mishap  given  up  theu-  eggs,  or  that  they  have 
not  yet  received  them  but  are  prepared  therefor — in  similar  fashion 
as  the  uterus  of  the  stingray  {Dasyatis  say)  becomes  villous  to  receive 
the  egg  even  before  the  latter  descends  into  the  oviduct.  Such 
breeding  males  always  have  empty,  pendulous  stomachs  and  stringy 
intestines  without  trace  of  food  in  them.  This  has  been  found  the 
case  in  more  than  a  himdred  autopsies.  From  these  facts  the  con- 
clusion is  drawn  that  the  ovigerous  males  of  Felichthys  felis  do  not 
feed  at  all  during  the  time  of  gestation.  Certain  it  is  that  no  body 
of  any  size  can  pass  down  the  oesophagus  without  the  eggs  following. 


40  Papers  from  the  DepartmerU  of  Marine  Biology. 

Holder  (1904),  however,  speaks  of  the  fish  with  eggs  in  their  mout^ 
biting  ravenously  at  hooks  baited  with  shrimp.  But  Evermann 
and  Goldsborou^  (1902)  expressed  the  opinion  that  Conorhynchus 
nelsoni  does  not  feed  during  gestation.  Day  (1873)  found  no  trace 
of  food  in  the  intestinal  tracts  of  either  Arius  or  Osteogeniosi^,  both 
oral  gestators  of  India.  Boake  (1866)  concludes  that  the  Ceylonese 
AriTis  may  feed  on  microscopic  ^^ nutritious  particles''  floating  in  tiie 
water,  but  Turner  (1867),  aiter  studyiog  Boake's  specimens,  thinks 
that  the  amount  of  food  obtained  in  this  way  would  be  practically 
nil.  On  the  other  hand,  Wyman,  though  inclined  to  think  ibsA 
gestating  males  fasted,  from  finding  in  the  mouth  eggs  of  anotiier 
species  was  led  to  believe  that  the  fish  might  have  disgorged  the  egg^ 
in  order  to  feed,  and  that  on  taking  them  up  again  the  %gs  of  ^'another 
species"  were  also  included.  The  wording  of  his  sentence  indicates 
that  the  other  species  was  also  a  catfish.  If  this  be  true  it  may  be 
conjectured  that  these  eggs  were  the  smaller  unripe  eggs  of  the  finale 
from  whose  ovary  came  the  other  ripe  eggs,  extruded  and  taken  into 
the  mouth  of  the  male  at  the  same  time  with  the  ripe  eggs. 

Save  Holder  (1904),  previously  referred  to,  the  only  other  investi- 
gator, in  all  the  literature  of  oral  gestation  known  to  me,  who  has 
found  an  incubating  male  to  feed,  is  von  Ihering.  He  (1888)  speaks 
of  catching  females  of  Arius  commersonii  on  the  hook,  but  sajrs  that 
males  whose  mouths  are  filled  with  eggs  do  not  take  the  bait  except 
on  rare  occasions.  Excepting  these  authors,  all  writers  agree  that 
fishes  practicing  buccal  incubation  fast  during  this  period.  Such  is 
my  conclusion  arrived  at  after  6  years'  study  and  research  on  the 
g£^-topsail.  In  this  fish  the  incubatory  period  has  not  been  d^- 
nitely  worked  out  since  it  has  been  found  impossible  to  carry  early 
eggs  through  hatching  to  the  stage  of  independent  life.  However, 
so  far  as  it  has  been  made  out  by  piecing  together  my  observations, 
incubation  continues  about  70  days. 

Many  authors  have  noted  that  the  incubating  fish  at  or  toward 
the  close  of  gestation  are  thin,  emaciated,  worn  out  with  their  labors. 
Unfortunately  I  have  taken  but  few  gaff-topsails  in  late  incubation, 
and  none  towards  its  close,  and  have  noted  no  striking  emaciation  in 
the  fishes  captiu'ed.  A  few,  however,  have  been  rather  thin  and  in 
poor  condition,  and  moreover  it  has  always  been  noticed  that  incu- 
bating males  taken  in  June  and  July  do  not  seem  to  have  much  stamina. 
After  being  relieved  of  their  eggs  they  die  very  quickly,  whereas  females 
and  non-breeding  males  are  very  active  and  robust,  and  as  a  fisherman 
once  remarked  ''require  a  good  deal  of  killing"  with  a  fish  club  before 
they  become  quiet.  From  this  it  would  seem  that  the  duty  of  incu- 
bation bears  rather  heavily  on  the  male. 
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The  foregoing  observations  and  conclusions  have  been  based  on 
normal  fish  in  normal  condition,  but  before  leaving  this  subject  it 
is  necessary  to  relate  and  account  for  certain  abnormal  cases  coming 
under  my  observation.  These  are  not  only  interesting  per  ae,  but 
offer  a  probable  explanation  for  an  error  of  nearly  100  years'  standing. 

On  July  25,  1907,  I  found  in  the  stomach  of  an  ovigerous  male  a 
perfect  egg  and  a  fragment  of  another.  Neither  showed  the  faintest 
trace  of  the  action  of  the  gastric  juice.  On  July  15,  1908,  a  male  was 
taken  and,  after  removal  of  the  eggs  from  the  mouth,  autopsy  showed 
the  presence  in  the  stomach  of  a  perfect  egg  plus  several  fragments, 
none  of  which  showed  any  trace  of  digestion.  In  1909,  dissection 
revealed  in  the  stomach  of  a  male  fish  a  whole  perfect  egg  having  an 
embryo  in  the  same  stage  of  development  as  those  taken  from  the 
mouth.  This  egg  was  so  sound  and  normal  that  I  expected  to  see 
the  little  fish  wriggle  on  its  yolk.  Other  than  this  the  stomach  con- 
tained nothing  but  a  whitish  ropy  mucus.  The  small  intestine  was  very 
much  reduced  in  size,  inconspicuous  in  appearance,  and  was  empty 
but  for  some  yellowish-green  watery  material.  The  belly  was  lanky, 
but  there  was  no  other  evidence  of  wasting  or  emaciation.  In  1910 
another  male  was  taken  having  2  crushed  eggs  in  his  mouth  and  the 
fragments  of  3  or  4  more  in  his  stomach.  Here  again  there  was  not 
the  slightest  evidence  of  digestion. 

To  the  writer  three  possible  explanations  of  the  above  phenomena 
offer  themselves.  (1)  In  the  excitement  engendered  in  the  endeavor 
to  escape  as  the  bunt  of  the  seine  comes  in  filled  with  floundering  fish, 
the  male  gaff-topsail  may  give  off  part  of  his  eggs  and  swallow  others. 
(2)  When  the  fisherman  grasps  the  fish  by  the  mouth  to  prevent  the 
loss  of  eggs,  the  fish  may  swallow  some  in  its  writhings.  (3)  Most  of 
the  fish  just  described  had  been  struck  on  the  head  with  a  fish  club  to 
quiet  them.  If  there  were  any  eggs  between  the  pharyngeals  at  this 
time  they  would  be  crushed;  further,  the  blow  by  reflex  action  might 
cause  the  sphincter  muscles  of  the  oesophagus  to  relax,  whereupon 
both  eggs  and  fragments  might  be  swallowed. 

In  none  of  these  cases  is  there  any  evidence  of  the  eggs  having  been 
swallowed  as  food.  Herein  my  observations  and  conclusions  agree 
with  the  only  others  on  record  in  this  matter.    Wyman  (1859)  writes: 

''Besides  some  nearly  mature  foetuses  [of  jarra-bakka]  contained  in  the 
mouth,  two  or  three  were  squeezed  apparently  from  the  stomach,  but  not 
bearing  any  marks  of  violence  or  of  the  action  of  the  gastric  fluid.  It  is  prob- 
able that  these  found  their  way  into  that  cavity  after  death,  in  consequence 
of  the  relaxation  of  the  sphincter  which  separates  the  cavities  of  the  mouth 
and  stomach.'' 

There  are  now  to  be  described,  and  if  possible  explained,  three 
extraordinary  cases  which  do  not  come  within  the  above  category. 
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On  May  29, 1911,  a  large  fish  with  a  great  belly  was  captured.  Touch 
showed  the  presence  of  ^gs  in  this,  but  they  seemed  too  far  forward 
to  be  in  the  ovary.  Autopsy  made  the  matter  clear.  The  fish  was  a 
male  whose  stomach  contained  a  great  mass  of  egg^  stuck  together  like 
a  bunch  of  grapes.  These  %gs,  measuring  18  mm.  in  diameter,  were 
perfectly  fresh  and  with  them  was  a  large  nxmiber  of  small  eggp 
and  empty  follicles,  such  as  are  extruded  when  a  female  is  spawned 
by  pressure  applied  to  the  abdomen.  Evidently  they  had  been  taken 
up  by  the  male  immediately  after  extrusion  by  the  female  and  had 
been  swallowed  presumably  as  food.  The  eggs  at  this  stage  are  apt 
to  be  adhesive  and  to  clump  in  masses.  This  was  found  to  be  true 
in  the  case  of  the  great  female  spawned  artificially,  as  has  been  noted 
elsewhere. 

The  other  two  cases  may  be  considered  together.  A  giant  fish 
with  an  enormous  belly  was  taken  on  May  25,  1910.  Eggs  could  be 
plainly  felt,  but  could  not  be  spawned.  Dissection  revealed  tliat 
the  fish  was  a  female  and  from  her  stomach  were  taken  23  whole  and 
6  half  eggs  together  with  small  eggs  and  partly  digested  fragments 
equal  in  bulk  to  all  the  others.  On  the  following  day  another  large 
fish  was  taken  which  also  could  not  be  spawned.  On  performing  an 
autopsy  her  stomach  was  also  f oimd  crowded  with  23  full-grown  and  a 
large  number  of  small  %gs,  none  of  which,  however,  showed  traces  of 
digestion.  In  both  cases  it  seems  probable  that  the  eggs  had  been 
swallowed  immediately  after  extrusion  and  as  food;  hence  we  may 
conclude  that  the  females,  unlike  the  brooding  males,  are  canni- 
balistic. 

These  fortunate  catches  seem  to  the  writer  to  offer  the  explanation 
of  the  allegation  by  Hillhouse  (1825)  and  others,  especially  Bleeker 
(1858),  that  certain  catfishes  are  viviparous,  the  evidence  being  that 
they  have  seen  eggs  and  foetuses  cut  out  of  the  bellies  of  catfishes  of 
various  species  and  genera.  These  are  probably  cases  in  which  the 
eggs  and  foetuses  had  been  swallowed  by  the  fish  as  food. 

Possibly  the  most  unique  find  of  contents  of  stomach  was  made 
June  16,  1908.  A  male  taken  on  this  day  was  found  by  touch  to 
have  some  hard  object  in  the  stomach.  Autopsy  revealed  a  big 
wooden  splinter  or  fragment  some  5.25  inches  long.  The  stomach 
was  empty  except  for  this  and  a  considerable  amount  of  mucus. 
No  suggestion  can  be  offered  concerning  the  presence  of  this  anoma- 
lous body  in  the  stomach  of  this  fish. 

FEEDING  AND  GROWTH  OF  YOUNG  WHILE  IN  PATERNAL  MOUTH. 

At  the  time  of  hatching,  i.  e. ,  bursting  of  the  shell,  the  young  measure 
about  45  mm.  over  all,  but  when  they  leave  the  mouth  and  begin  an 
independent  existence  they  are  about  85  to  100  mm.  long.  An  early 
egg,  20  mm.  in  diameter,  after  having  been  in  4  per  cent  formalin 
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for  2  years  and  6  months,  weighed  3.5  grams.  A  larva  with  body- 
walls  which  had  just  completely  closed  over  the  yolk,  the  seam  of 
closure  only  being  visible,  after  being  in  4  per  cent  formalin  for  4 
years  and  3  months,  measured  93  mm.  and  weighed  9  grams.  This 
fishlet  was  in  all  respects  normal  and  was  just  in  the  stage  when  the 
young  b^in  to  lead  a  free  life.  To  make  this  point  clear,  the  reader 
is  asked  to  contrast  the  yoimg  fish  in  figures  11  and  12  of  plate  nr  with 
the  ^gs  with  comparatively  early  embryos  shown  in  figures  8,  plate  ui, 
and  9,  plate  iv. 

This  increase  in  length  of  over  45  mm.  (a  doubling)  and  in  weight 
of  5.5  grams  (almost  a  trebling)  can  not  be  accounted  for  by  yolk 
alone — the  young  feed  in  the  movih  of  the  parent.  At  some  future 
time  it  will  be  shown  that  the  larvse  reared  in  running  sea-water 
grew  faster  and  when  fed  by  hand  were  less  voracious  than  those 
kept  in  a  diluted  sea-water  filtered  many  times,  the  latter  feeding 
ravenously  when  given  bits  of  oyster.  The  conclusion  drawn  in  1907, 
which  has  remained  unchanged,  is  that  the  yoimg  feed  while  in  the 
mouth  of  the  father  by  filtering  but  of  the  respired  sea-water,  by  means 
of  their  closely  set  gill-rakers,  minute  Crustacea  to  satisfy  their  hunger. 
In  this  way  only  can  their  great  increase  in  size  and  weight  be 
accounted  for. 

Von  Ihering  (1888)  is  the  only  investigator  who  has  given  any  data 
whatever  on  the  growth  of  the  young  while  in  process  of  brooding. 
Of  Arius  commersonii  he  records  that  the  ^gs  in  early  development 
stages  average  2.5  grams,  while  at  a  time  when  the  larvse  are  60  mm. 
long  they  weigh  4.3  grams.  The  increase  in  weight,  he  argues,  is  due 
to  the  intake  of  nourishment  by  the  embryo. 

LENGTH  OF  THE  PERIOD  OF  GESTATION. 

It  is  impossible  to  state  this  either  from  observation  or  direct  experi- 
ment. It  being  impracticable,  at  the  time  this  research  was  carried  on 
at  the  Beaufort  Laboratory,  to  isolate  the  fish  in  pairs,  direct  observa- 
tion of  the  period  of  incubation  was  not  feasible.  All  efforts  to  effect 
artificial  fertilization  proved  abortive,  nor  was  I  ever  able  to  get  eggs 
in  early  segmentation  stages.  Thus  it  is  impossible  to  fix  the  time  of 
fertilization,  which  would  give  the  time  of  the  beginning  of  incubation. 
Further,  it  has  been  impossible  to  carry  any  one  set  of  early  eggs 
through  to  time  of  hatching  (t.  e.,  bursthig  the  egg-shell)  and  of  the 
complete  closing  of  the  body-walls  over  the  diminished  yolk-sac  as 
shown  in  figure  12,  plate  iv,  at  or  about  which  time  the  young  are  set 
free  from  the  paternal  mouth. 

Confronted  by  these  impossibilities,  the  best  that  can  be  done  is 
to  make  the  closest  approximation  possible  from  the  data  at  hand. 
Now  it  has  been  shown  in  the  section  on  the  breeding  season  that  the 
eggs  are  "laid"  under  ordinary  conditions  of  weather  (i.  e.,  temper- 
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ature)  between  May  18  and  30,  and  more  narrowly  between  May  20 
and  25.  There  are  exceptions,  but  on  the  whole  the  breeding  season 
is  seemingly  concentrated  within  narrow  limits  and  the  period  of 
incubation  has  its  approximate  beginning  within  these  10  day^. 

The  information  at  hand  is  even  less  definite  as  to  the  time  of  cessa- 
tion of  the  care  of  the  male  parent.  The  mortality  of  eggs  hatdied 
in  aquaria  is  very  great,  and  with  young  egg^  all  may  be  expected 
to  die.  In  MacDonald  hatching-jars,  which  have  a  bowl-shaped 
base  with  water  admitted  at  the  center  of  the  base,  the  egg^  are 
lifted  by  the  incoming  current,  and  all  sediment,  mold  spores,  and 
bacteria  are  carried  off  by  the  overflow  at  the  top.  It  was  thou^t, 
moreover,  that  the  use  of  these  jars  would  conserve  the  life  of  the 
eggs  in  another  way.  When  the  yolk-circulation  has  extended  its 
plexus  of  blood  vessels  over  the  ventral  side  of  the  %gs,  if  these  are 
allowed  to  stand  in  one  position,  shortly  a  congestion  of  these  v^i- 
tral  blood  vessels  is  noticed  and  this  is  quickly  followed  by  the  death 
of  the  eggs.  In  the  mouth  of  the  father  the  constant  current  of  water 
due  to  the  respiratory  actions  keeps  the  ^gs  free  from  sediment, 
bacteria,  etc.,  and  presumably  keeps  them  in  motion,  thus  preventing 
the  congestion  referred  to.  It  was  hoped  that  in  the  MacDonald 
jars  the  uplifting  action  of  the  water  would  keep  the  eggs  '' dancing" 
and  prevent  this  trouble.  To  some  extent  this  hope  was  realized. 
But  even  in  the  best-handled  jars,  although  there  was  little  conges- 
tion, the  eggs  turned  white  and  died  by  dozens  and  scores,  and  in  no 
case  was  it  ever  found  possible  to  carry  any  but  late  eggs  on  to  hatching. 
Eggs  brought  in  with  young  nearly  ready  to  burst  the  shell  could 
with  great  care  be  carried  through  this  dsjigerous  period,  and  if  car- 
ried 3  or  4  days  further,  Uttle  trouble  was  had  in  bringing  them  on  to 
maturity.  It  is  interesting  to  note,  however,  that  there  was  never 
any  evidence  of  death  due  to  bacteria,  as  has  been  found  in  the  ^gs 
of  the  toadfish,  Batrachue  tau.  For  the  details  of  the  difficulties  met 
with  in  the  effort  to  hatch  eggs,  the  reader  is  referred  to  the  author's 
1916  paper. 

However,  although  no  definite  time  can  be  set  for  the  liberation 
of  the  young  from  the  mouth  of  the  father,  this  can  at  least  be  approx- 
imated as  the  time  when  the  body-walls  have  closed  up,  as  shown 
in  figure  12,  plate  iv,  and  the  young  fish  set  out  to  find  their  own 
living.  In  1907,  on  July  29,  a  little  catfish  was  killed  and  hardened  in 
formalin  for  15  hours,  at  the  end  of  which  it  measured  81  nun.  long 
over  all,  while  the  yolk-slit  measured  16.5  nam.  long  by  2  nun.  wide. 
On  August  1,  when  I  left  Beaufort,  the  other  fish  of  this  lot  in  a 
large  aquarium  were  relatively  as  active  as  the  adults  in  Newport 
River:  their  babyhood  was  over. 

In  1908  two  sets  of  larvse  were  under  observation  at  the  close  of 
July.    The  older  ones  had  the  yolk  covered  over  and  the  slit  reduced 
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to  a  mere  seam  on  July  27 ;  the  younger  ones,  however,  on  the  same 
day  had  the  yolk  only  half  covered.  On  August  8,  the  day  before 
my  departure,  the  body-walls  of  the  younger  had  nearly  closed  over 
the  yolk,  while  the  older  had  bellies  showing  no  more  protuberance 
than  is  to  be  found  in  the  adult  shown  in  plate  i,  figure  1.  These 
younger  ^gs  were  plainly  of  a  late  laying. 

In  1909  I  left  the  laboratory  on  July  3  and  hence  have  no  data  for 
hatching  this  year  other  than  that  at  this  time  the  little  catfishes 
were  just  beginning  to  burst  their  confiining  shells.  However,  the 
fuller  data  for  1910  show  that  on  July  21  two  lots  of  eggs  were  taken 
from  a  male;  one  with  yoimig  embryos  just  beginning  to  show  dark 
stippling,  while  the  other  lot  had  embryos  with  the  body-walls  cov- 
ering about  half  of  the  yolk;  these  were  from  2  to  3  weeks  older  than 
the  former.  See  further  on  this  point  page  31,  in  section  on  the 
time  of  breeding.  On  July  30  an  older  fish  measured  3.75  inches 
over  all  and  had  the  edges  of  the  body-wall  united  to  make  a  raphe 
on  the  mid-ventral  wall.  The  more  advanced  of  the  younger  lot 
were  able  to  skate  on  their  yolk-sacs  (see  fiigure  11,  plate  iv),  while 
others  were  not  able  to  move  these  yolks  which  still  anchored  them 
to  the  floor  of  the  aquarium. 

All  the  evidence  at  hand  indicates  that  the  mortality  in  the  ances- 
tral mouth  is  far  less  than  in  even  MacDonald  hatching  jars,  and 
that  the  yoimg  brooded  therein  become  free-swimming  earlier.  This 
is  undoubtedly  due  to  the  fact  that  they  feed  while  therein  as  pre- 
viously described.  Only  once  have  I  had  a  fully  fledged  young  one 
from  the  mouth  of  the  father.  On  July  20,  1908,  my  fishermen,  men 
whom  I  know  intimately  and  in  whom  I  have  great  confidence,  brought 
me  a  catfish  about  4  inches  long  which  they  had  gotten  from  the 
mouth  of  a  male.  It  showed  a  mere  seam  on  the  flattened  belly,  the 
yolk  being  completely  gone.  No  exact  measurements  could  be  made, 
since  during  the  examination  the  fish  jumped  overboard  and  swam 
away  like  a  flash. 

From  the  data  presented  above  it  would  seem  that  the  time  for 
the  hberation  of  the  young  is  from  July  20  to  30,  and  under  ordinary 
circmnstances  about  the  last  week  in  July.  Recalling  that  incubation 
begins  May  20  to  30,  we  can  approximate  the  length  of  the  period 
of  gestation  as  from  60  to  70  days.  However,  it  is  clear  that  the 
matter  of  the  maximum  or  minimum  limit  will  be  largely  if  not 
wholly  determined  by  the  temperature  of  the  water  and  the  amount 
of  small  Crustacea  and  other  microscopic  oi^anisms  contained  therein 
and  available  as  food  for  the  larvse. 
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THE  PURPOSE  OF  BUCXIAL  INCUBATION  IN  THE  GAFF-TOPSAIL. 

This  may  be  summed  up  in  one  word — ^protection.  Let  it  be 
recalled  that  these  ^gs  are  of  enormous  size  (the  average  diameter 
of  327  eggfi  being  19 . 5  mm.)  and  that  when  in  middle  embryonic 
stages  they  are  very  attractive  to  the  eye  because  of  their  blood-red 
vascular  yolk  investment.  For  these  reasons,  if  laid  as  other  fish 
eggs  are,  they  could  hardly  be  expected  to  escape  the  eyes  of  maraud- 
ing fishes,  but  if  any  were  so  fortiuiate  they  would  almost  c^i^inly 
be  eaten  by  crabs,  those  scavengers  from  which  practically  nothing 
escapes.  The  result  would  be  the  inevitable  extinction  of  the  species. 
Moreover,  there  is  yet  another  danger  to  which  the  ova  are  exposed. 
These  catfish  spawn  and  spend  the  hatching  season  on  mud  flats.  If  the 
^gs  were  discharged  on  such  bottoms  they  would  (because  of  their 
great  weight,  averaging  3.5  grams)  sink  into  the  mud  and  be  smoth^^d. 
To  avoid  these  various  dangers,  these  fish  have  to  do  one  of  two 
things  to  insure  their  perpetuity,  i.  e.,  to  practice  mouth  gestation 
or  to  lay  their  ^gs  in  nests  which  are  guarded  by  one  or  both  the 
parents.  Some  fresh-water  catfishes  have  adopted  the  latter  habit; 
the  gaff-topsail  has  chosen  the  former. 

The  whole  matter,  barring  his  ignorance  of  the  habit  of  buccal 
incubation,  has  been  admirably  put  by  Gurley  (1902). 

'4t  is  almost  impossible  that  a  mud  bottom  should  be  a  successful  spawn- 
ing-ground, as  the  eggs  will  ahnost  inevitably  be  asphyxiated.  Wherefore, 
fishes  experiencing  an  impulse  to  spawn  on  such  bottom  will  leave  few  de- 
scendants to  inherit  their  delicately  sensitive  mucous  membrane,  while  those 
having  an  impulse  to  seek  harder  bottom  will  transmit  to  a  larger  progeny 
their  more  roborant  mucous  membrane.  Further,  the  exception  sustains 
the  rule,  the  only  species  spawning  on  mud  bottoms  being  certain  catfishes, 
the  males  of  which  excavate  nests,  and  attend  to  (probably  aerate)  the  eggs, 
and  care  for  the  fry. " 

THE  ORIGIN  OF  THE  HABIT  OF  ORAL  GESTATION. 

The  causes  leading  to  the  practice  of  buccal  incubation  are  plaioly 
set  forth  in  the  preceding  section;  the  eggs  must  be  guarded  in  a 
nest  or  carried  in  the  mouth,  or  else  the  fish  would  soon  become  extinct. 
The  gaff-topsail  has  chosen  the  latter  means  to  maintain  itself.  But 
how  has  the  habit  been  developed?  The  answer  to  this  is  largely 
conjectural,  but  there  is  a  fair  amount  of  data  to  be  adduced  upon 
which  to  base  our  conjecture. 

It  has  long  been  known  that  some  fishes  pick  up  their  ^gs  or  young 
in  their  mouths  for  transport  from  place  to  place  much  as  a  cat  does 
her  kittens  or  a  fox  her  cubs.  The  writer  believes  that  in  this  habit 
are  to  be  found  the  beginnings  of  oral  gestation.  The  fishes  referred  to 
are  members  of  the  families  Gasterosteidse  and  Osphromenidse,  together 
with  one  or  two  other  isolated  forms. 
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The  first  accoiint  to  be  given  is  the  classic  one  of  Coste,  "Nidifi- 
cation  des  £pinoches  et  des  £pinochettes/'  published  in  1848.  After 
describing  the  making  of  the  nest  and  the  laying  of  the  eggs,  Coste 
tells  how  the  male  Gasterosteiis  pungitvus  stands  watch  and  ward 
over  the  nest  until  the  ^gs  are  hatched,  hastening  the  process  by 
fanning  them  free  of  sediment  and  by  helping  in  their  oxygenation 
at  the  same  time.  When  hatched,  ''He  does  not  allow  the  young  to 
go  outside  the  boundaries  of  the  nest,  and  if  any  one  does  so,  he 
takes  it  in  his  mouth  and  bears  it  immediately  back  to  its  domicile. 
If,  however,  the  number  of  deserters  increases,  he  seizes  several  at 
one  time  without  hurting  them.''  With  r^ard  to  the  question  of 
feeding  during  this  self-imposed  guardianship,  Coste  adds: 

"This  animal,  which  during  all  the  remainder  of  the  year  is  remarkable  for 
its  voracity,  sufiFers  an  abstinence  ahnost  complete  during  the  time  devoted 
to  the  construction  of  its  nest,  the  care  of  its  eggs,  and  the  training  of  its 
young. " 

An  almost  equally  charming  account  is  that  of  Albany  Hancock 
(1854)  for  Gasterosteus  aculeaius  and  G.  spinachia.  In  most  interesting 
fashion  he  describes  how  he  saw  the  watchful  parent  with  gaping 
jaws  seize  the  Uttle  wanderer,  who  disappeared  therein,  as  he  thought, 
forever.  But  to  his  delight  the  old  fish  returned  to  the  nest  and 
deposited  the  small  straggler  therein.  Then  he  saw  that  it  was  the 
purpose  of  the  paterfamilias  to  allow  no  rambling  from  the  nest. 
Sometimes  the  fry  were  held  in  the  mouth  for  an  appreciable  length 
of  time,  but  they  were  never  harmed. 

A  similar  state  of  affairs  was  noted  for  Gasterosteus  leiurus  by 
Robert  Warrington  in  1856.  After  describing  the  building  of  the  nest, 
he  says  that  as  the  yolk-sacs  of  the  developing  young  become  smaller 
and  their  activity  greater,  "their  attempts  carried  them  to  a  great 
distance  from  the  parent  fish;  his  vigilance,  however,  seemed  every- 
where, and  if  they  rose  by  the  action  of  their  fins  above  a  certain 
height  from  the  shingle  bottom,  or  fiitted  beyond  a  certain  distance 
from  the  nest,  they  were  inunediately  seized  in  his  mouth,  brought 
back  and  gently  puffed  or  jetted  into  their  place  again." 

Furthermore,  if  the  fishlets  are  removed  by  artificial  means  the 
father  brings  them  back  in  his  mouth  and  shoots  them  into  the  nest, 
according  to  the  observations  of  William  Houghton,  recorded  in  1865. 
Ransom,  in  the  same  year  noted  the  same  habit  and  says  of  G.  puiv- 
gitius:  "He  seemed  to  take  no  food."  ''The  Tinker  was  almost 
starving  in  the  midst  of  plenty."  Nor  are  later  observations  of  this 
habit  lacking  if  one  may  credit  Becker's  notes  on  G.  aculeaius  pub- 
lished in  1907. 

Almost  in  the  Antipodes,  we  find  certain  osphromenid  fishes  prac- 
ticing similar  habits.  Many  of  these  make  floating  nests  of  foam 
and  mucus  in  which  the  male  guards  the  eggs  and  yoimg.    The  first 
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account  is  from  the  pen  of  the  indefatigable  French  aquarist  of  the 
third  quarter  of  the  last  century,  P.  Carbonnier.  Describing  a  Chinese 
macropode  (1869,  1869a),  he  writes  of  the  male  that,  after  extrusion 
and  fertilization  of  the  eggs: 

''He  patiently  gathers  in  his  mouth  the  eggs  scattered  on  all  sides  and 
carries  them  under  the  roof  of  foam  which  becomes  then  for  some  ten  days 
the  object  of  tus  solicitude.  Without  even  tiJdng  food,  he  passes  his  time  in 
watching  over  the  receptacle  of  his  progeny.  If  one  part  of  the  nest  begins 
to  empty  itself  he  fills  it  with  new  bubbles;  he  withdraws  the  eggs  where  they 
seem  to  him  to  be  in  too  great  numbers  and  carries  them  into  empty  places; 
with  blows  of  his  head  he  disperses  the  eggs  if  too  much  accumulated.  When 
hatching  is  over  he  watches  with  some  care  over  the  young  embryons ;  he  chases 
down  those  which  leave  the  protecting  roof,  and  holding  them  in  his  mouth 
brings  them  back.  He  does  not  cease  this  surveillance  until  the  too  large 
number  of  fugitives  announces  to  him  that  his  part  is  played  and  that  the 
young  family  is  able  to  look  after  its  own  protection. " 

Again,  in  1872  Carbormier  described  similar  habits  for  a  "  Macropode 
of  China,"  which  may  or  may  not  have  been  identical  with  the  fish 
described  above.  In  this  case,  however,  both  the  male  and  the 
female  took  up  the  young.  '^I  saw  the  female  place  in  the  mouth 
of  the  male  the  slender  little  [sick]  fry  which  would  have  certainly 
perished  without  intelligent  paternal  care."  Some  years  later  Car- 
bonnier (1875,  1876)  describes  how  the  paternal  rainbow  fish,  CoKsa 
aroen-ciely  collects  the  scattered  eggs  and  embryos  in  his  mouth  and 
transports  them  to  the  nest. 

Belonging  to  the  same  group  of  fishes  is  the  fiighting  fish,  Betta 
pugnaXy  whose  breeding  habits  are  interestingly  described  by  Waite 
(1904).  This  fish  is  so  named  because  it  is  bred  and  trained  for 
fighting  by  the  Siamese.  Waite  describes  in  detail  its  breeding  habits, 
but  we  are  interested  here  only  in  its  collecting  the  scattered  eggs  in 
its  mouth  and  transporting  them  to  the  nest.  Waite  also  (1905) 
finds  a  similar  habit  practiced  by  the  paradise  fish,  Polyacanthus 
opercularis,  the  other  Macropodes  being  probably  cultivated  varie- 
ties of  this  fish.  Here  again  the  female  assists  the  male  in  collecting 
the  eggs  and  carrying  them  to  the  nest  made  of  foam.  In  one  case  the 
fish  retained  the  eggs  in  the  mouth  for  the  space  of  one  minute,  this 
being  a  matter  worthy  of  particular  note  in  this  connection. 

And  last  of  all  for  the  osphromenid  fishes,  we  find  an  identical 
habit  described  in  Zernecke's  Leitfaden  for  1907  in  the  male  of 
MacTopodus  viridi-aurahiSy  which  is  a  cultivated  variety  of  Polya- 
canthus  opercularis. 

There  must  now  be  noted  certain  isolated  instances  of  mouth 
carrying  by  fishes,  the  last  of  which  brings  us  close  up  to  the  gafif- 
topsail.  In  the  year  1874  Carbonnier  described  the  breeding  habits 
of  a  fish  exotic  in  France  (having  been  imported  from  North  America), 
which  he  called  Fundula  cyprinodonta.    Dr.  Theodore  Gill,  however, 
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declared  it  to  have  been  Umbra  pygmcea  {ScvencCy  Dec.  21,  1906). 
Carbonnier  notes  that  after  the  extrusion  and  fertilization  of  the 
e^B  'Hhe  female  sucked  them  into  her  mouth  and  appeared  to  take 
great  pleasure  in  rolling  them  aroimd  therein,  nevertheless  she  replaced 
them''  whence  she  had  taken  them.    ''When  the  eggs  are  found  to 
to  be  a  little  scattered,  it  is  clear  that  the  female  is  no  longer  their 
only  shield  and  protector,  for  the  males  also  suck  them  into  their 
mouths  and  pass  them  from  one  to  another.    At  this  time,  the  move- 
ments which  they  execute  with  their  fins  denote  great  satisfaction. 
As  they  replace  the  eggs  without  alteration  and  without  damage, 
the  female  shows  no  air  of  inquietude;    nevertheless  at  times  she 
turns  her  head  and  makes  pretense  of  driving  them  away."    During 
hatching  the  female  solicitously  guards  the  eggs  and  carefully  removes 
with  her  mouth  all  bad  eggs. 

One  other  instance,  and  we  are  ready  to  come  to  the  catfishes.  The 
miller's  thumb,  Cottas  gohio,  lays  adhesive  eggs  which  are  guarded 
by  the  male.  Of  it  Thomas  Peek  says  (1869):  ''On  the  occasion  of 
one  of  the  small  fish  emerging  from  its  ^g,  the  parent  chased  it  to 
the  bottom  of  the  tank,  and,  taking  it  gently  in  his  mouth,  replaced 
it  in  the  cluster." 

Further  search  through  the  Uterature  would  probably  reveal  other 
instances  of  this  habit,  but  incidents  enough  have  been  given  to  make 
it  clear  that  mouth  transportation,  as  well  as  gestation,  is  not  alto- 
gether unusual.  However,  similar  habits  are  now  to  be  described 
in  members  of  the  very  family  of  catfishes  themselves. 

At  the  1902  meeting  of  the  American  Association  for  the  Advance- 
ment of  Science,  Dr.  H.  M.  Smith,  the  present  United  States 
Commissioner  of  Fisheries,  presented  an  interesting  paper  upon  the 
breeding  habits  of  the  common  yellow  catfish,  Amieurus  nehulosiis. 
The  particular  point  in  this  paper  which  is  of  interest  just  here  may 
be  quoted  as  follows: 

''The  most  striking  act  in  the  care  of  the  eggs  was  the  sucking  of  the  egg 
masses  into  the  mouth  and  the  blowing  of  them  out  with  some  force.  The 
....  mouthing  operations  were  contmued  with  the  fry  imtil  they  swam 

freely,  when  the  care  of  the  yoimg  may  be  said  to  have  ceased The 

predaceous  feeding  habits  of  the  old  fish  graduaUy  overcame  the  parental 
inBtinct;  the  tendency  to  suck  the  fry  into  their  mouths  continued,  and  the 
inclination  to  spit  them  out  diminished,  so  that  the  number  of  young  dwindled 
daUy." 

The  above  is  from  the  abstract  of  Smith's  paper  published  in  Sci- 
ence (Feb.  13,  1903).  The  complete  accoimt  is  to  be  found  in  a 
paper  by  Smith  and  Harron  (1903),  published  in  the  Bulletin  of  the 
United  States  Fish  CJommission  for  1902.    In  this  they  say: 

"The  most  striking  act  in  the  care  of  the  eggs  was  the  sucking  of  the  egg 
masses  into  the  mouth  and  the  blowing  of  them  out,  this  being  repeated  sev- 
eral times  with  each  cluster  before  another  lot  was  treated  .... 
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''The  very  young  fry  were  also  taken  into  the  mouths  of  the  parents  and 
blown  out;  especially  those  which  became  separated  from  the  main  lot  and 
were  found  in  sand  and  sediment.  The  old  fish  would  take  a  mouthful  of 
fry  and  foreign  particles,  retain  them  for  a  moment,  and  expel  them  with  some 
force.  After  the  young  began  to  swim  and  became  scattered,  the  parents 
continued  to  suck  them  in,  and,  as  subsequently  developed,  did  not  always 
blow  them  out  .... 

**The  fry  which  were  left  with  their  parents  continued  healthy,  but  their 
number  steadily  decreased.  There  being  no  way  for  them  to  escape;  .  .  . 
it  was  suspected  that  the  old  fish  were  eating  their  young  ....  They  were 
kept  under  close  observation  during  the  day,  and  were  seen  to  be  fond  of  mouth- 
ing the  fry,  more  especially  the  weaker  ones  ....  They  were  frequently 
seen  to  follow  leisurely  a  fry,  suck  it  into  their  mouth,  retain  it  for  a  while, 
and  then  expel  it,  sometimes  only  to  capture  it  again.  There  was  no  active 
pursuit  of  the  fry,  and  the  tendency  seemed  to  be  to  spit  them  out.  In  one 
or  two  instances,  however,  it  appeared  that  fry  taken  into  the  mouth  were 
not  liberated,  the  feeding  instinct  becoming  paramount  to  the  paternal  in- 
stinct. After  all  the  fry  which  had  been  left  with  their  parents  had  disappeared, 
in  about  6  weeks  after  hatching,  18  fry  were  placed  in  the  aquarium  one  even- 
ing, and  only  2  of  these  survived  on  the  following  morning. '' 

It  seems  hardly  necessary  to  argue  the  question  as  to  the  origin  of 
the  habit  of  oral  gestation  after  the  presentation  of  the  facts  above 
given.  In  the  mind  of  the  present  writer  there  is  no  doubt  that 
having  begun  by  taking  up  the  eggs  and  young  for  purposes  of  trans- 
portation, the  fish  have  presently  learned  to  retain  them  for  longer 
and  longer  periods  of  time;  we  have  a  record  of  at  least  one  minute's 
retention;  and  as  the  fish  which  retain  their  yoimg  even  for  short 
spaces  of  time  and  transport  them  to  safer  localities  are  more  likely 
to  leave  descendants,  through  the  action  of  natural  selection,  these 
fish  and  this  habit  will  be  perpetuated.  Hence  we  may  conjecture 
that  as  time  has  gone  on  the  habit  of  retention  has  become  more  and 
more  fixed  until  finally  oral  gestation  has  become  an  estabUshed  habit. 

Nor  does  the  matter  of  abstinence  from  food  offer  any  difliculty 
just  here.  It  is  known  that  many  fishes  which  guard  their  nests  do 
not  feed  while  on  such  duty,  and  this  is  particularly  true  of  the  stickle- 
backs and  gouramies.  So  this  fits  in  well  with  the  conjectural  expla- 
nation just  offered. 

To  the  present  writer  all  the  data  available  lead  to  the  conclusion 
just  set  forth,  and  to  it  he  gives  his  full  adherence. 


Oral  Gestation  in  the  Gaff-Topsail  Catfishy  FdicfUhys  Felis.  51 

LITERATURE  CITED. 

Becker,  Karl.  1907.    Der  dreistliche  Stickling  (GasUrosleus  actdeattis),  Siene  Zucht  in 

Pflege  in  Zimmer  Aquarium.    Wochenschrift  fUr  Aquarien  und  Terrarienkunde, 

Braunschweig,  Jahrg.  4,  nr.  38. 
Bleekbr,  Peter.  1858.    Die  Visschen  van  den  Indischen  Archipel.    IchthyologiiB  Archi- 

pdagi  Indid  Prodomus,  i,  Siluri,  p.  74. 
Bloch,  Marc  Elieser.  1794.    Naturgeechichte  der  Ausl&ndische  Fische.    Aohter  Theil, 

p.  26,  plate  365. 
,  and  J.  G.  Schneider.  1801.    Systema  ichthyologist.    Iconibus  CX  illustratum. 

Post  obitum  auctoris  inchoatum  absolvit,  correxit,  int^polavit  J.  G.  Schneider, 

p.  337,  Berolini. 
BoAKE,  Bancroft.  1866.    On  the  air-breathing  fish  of  Ceylon.    Jour.  Ceylon  Branch 

Royal  Asiatic  Society  for  1865-1866,  pp.  128-142. 
Carbonnier,  p.  1869.    Sur  le  mode  de  reproduction  d'une  esp^ce  de  poissons  de  la  Chine. 

Comptes  Rendus  Academic  des  Sciences  de  Paris,  t.  69,  pp.  489-491. 
.  1869*.    Rapport  et  observations  sur  accouplement  d'une  espdce  de  poisson.    Bull. 

de  la  Soci^t^  Imp^iale  Zoologique  d'Acclimatation,  ser.  2,  t.  vi,  pp.  408-414. 
.  1872.    Le  Macropode  de  Chine.    Bull.  Soci^t^  Imp^riale  Zoologique  d'Acclima- 

tation,  ser.  2,  t.  9,  pp.  7-14. 
.  1874.    Le  Fondule  (FundiUa  cyjmnodorUa).    Bull.  Mensuel  Sod^  d'Acclimata- 

tion,  ser.  3,  t.  1,  pp.  665-671. 
.  1875.    Nidtification  du  poisson  Aro-en-ciel.   Compte  Rendus  Acad^mie  des  Sciences 

de  Paris,  t.  81,  p.  1138;  also  same  title.  Bull.  Soci^t^  Imp^riale  Zoologique  d'Ac- 

climatation,  ser.  3,  t.  in,  pp.  11-22. 
Clarke,  S.  C.  1883.    American  .^Jigler,  Dec.  15. 
.  1884.    The  fishes  of  the  east  coast  of  Florida,   [in]  Fishes  of  the  East  Atlantic  coast 

that  are  caught  with  hook  and  line,  by  L.  O.  van  Doren  and  S.  C.  Clarke,  p.  145. 
CosTE,  P.  1848.    Nidification  des  fipinoches  et  des  £pinochettes.    Memoirs  des  Sa- 
vants Strangers  k  T  Academic  dee  Sciences  de  PInstitut  National  de  France,  t.  10, 

pp.  586-587. 
Day,  Francis.  1873.    On  some  new  or  little-known  fishes  of  India.    Proc.  ZooL  Soc. 

LcMidcm,  p.  705. 
Eigenmann,  C.  H.,  and  R.  S.  1890.    A  revision  of  the  South  American  Nematognathi  or 

catfishes.    Occasional  Papers  Cal.  Acad.  Sci.,  i,  p.  36. 
EvERMANN,  B.  W.,  and  E.  L.  GoLDeBOROuoH.  1902.    A  report  on  fishes  collected  in  Mexico 

and  Central  America  with  notes  and  descriptions  of  five  new  species.    Bull.  U.  S. 

Fish  Commission,  vol.  xxi  for  1901,  pp.  140-146. 
GooDE,  G.  Brown.  1903.    American  fishes;  etc.,  revised  and  largely  extended  by  Theo- 
dore Gill,  p.  379. 
Green,  John.  1858.    Presentation  of  and  remarks  upon  the  breeding  habits  of  several 

species  of  fishes  from  Surinam.    Proc.  Boston  Soc.  Nat.  Hist.,  p.  328. 
GcDGER,  E.  W.  1912.    Oral  gestation  in  the  gaff-topsail  catfish,  Felichthya  felis.    Abstract 

in  Science,  n.s.,  xxxv,  p.  192. 
.  1916.    The  gaff-topsail  (FeUchthysfdU),  a  sea  catfish  that  carries  its  eggs  in  its 

mouth.    Zoologica,  Scientific  Contributions  New  York  Zoological  Society,  vol*  ii, 

No.  5,  pp.  123-156.     12  figs. 
GOnther,  a.  C.  L.  1864.    Catalogue  of  fishes  in  the  British  Museum.    Vol.  v.  p.  173. 
GuRLBT,  R.  F.  1902.    The  habits  of  fishes.    Amer.  Jour.  Psychol.,  vol.  13,  p.  408-425. 
Hancock,  Aiaant.  1854.    Observations  on  the  nidificaticm  of  GasUrosteMB  acvUatus  and 

O.  Bjrinackia.    Trans.  Tyneside  Naturalisto'  Fiekl  Chib,  vol.  2  for  1851-1854. 
Hensbl,  Reinhgld.  1870.    Beitrftge  sur  Kenntniss  der  Wirbelthiere  SOdbrasiliens.    Ar- 

chiv  fOr  Naturgeschichte,  vol.  36,  Bd.  1,  pp.  50-91. 
HiLLHOUSB,  William.  1825.    Indian  notices  or  sketches  of  the  habits,  characters,  lan- 
guages, etc.,  of  the  several  nations  of  British  Guiana,  also  the  ichthyology  of 

the  fresh  waters  of  the  interior  [of  British  Guiana],  Demerara,  1825,  p.  108. 
Holder  Charles  Frederick.  1904.    The  boy  anglers,  p.  175.    New  York. 
Houghton,    Wiluam.  1865.    Sticklebacks   and    other    nest-making   fish.    Intellectual 

Observer,  vol.  vu,  pp.  55^-563. 


52  Papers  from  the  Departmeni  of  Marine  Biology. 

iHBBQfQ,  HnufAMN  YON.  1885.    Die  Lago*  dos  Patos.    Deutadie  GeogmphJmehe  Blitter, 

Bd.  8,  p.  106. 
.  1888.    Ueber  die  Bni^piege  und  Eotwiddung  des  Bagre  (Arius  commermmii). 

BkdofisGlie  CntrdblAtt,  Bd.  8,  pp.  268-271. 
.  1806.    Oa  peizee  da  oosU  do  nuur  no  EsUulo  do  Rio  Gnuide  do  SoL    Annuariodo 

Eatado  do  Rio  Grande  do  Sul,  anno  xm,  p.  115. 
Pbbk,  Thomas.    1869.  Furental  attachment  of  the  Miller'a  thumb  {CoUub  gobio).    The 

Student  and  Intdleetual  Observer,  vol.  m,  pp.  455-458. 
Ramsom,  W.  H.  1865.    On  the  nest  of  the  ten-quned  sticklebadc.    Annals  and  Mag.  Not. 

Hist.,  ser.  3,  vol.  16,  pp.  449-451. 
Rtdik,  John  A.  1883.    Preliminary  notice  of  the  devdopmeot  and  breeding  hal»t8  of  the 

Potomac  catfish,  Ameitarut  aXbidus.     BulL  U.  8.  Fish  CcMnm.,  voL  m  for  1883, 

pp.  225-280. 
.  1887.    On  the  devdopment  of  osseous  fishes,  induding  marine  and  fresh-water 

forms.    Report  U.  8.  Fish  Comm.  for  1885,  p.  533. 
SiOTH,  Hugh  M.  1903.    On  the  l»eeding  habits  of  the  yellow  catfish.    Science,  n.  s.,  vol. 

17,  pp.  243-244. 

.  1907.    The  fishes  of  North  Garotina,  p.  64.    Ral^i^ 

,  and  L.  Q.  Habron.  1903.    Breeding  habits  of  the  ydk>w  catfidi.    Bull.  U.  S.  Fish 

Comm.  for  1902,  pp.  151-154. 
SisiNDACHNBB,  Frans.  1875.    Ichthyologisohe  Beitrage  (TV):  I.  Zur  Fischfauna  voa 

Panama.  Sitsungsb.  KaiserL  Akad.  Wiasensoh.,  Math.  Naturwias.  Classe,  Bd.  72, 

pp.  567,  575,  578. 
Turnkb,  William.  1867.    On  a  remarkable  mode  of  gestation  in  an  undescribed  species  of 

Anus.    Jour.  Anat.  and  PhjrsioL  London,  voL  i,  pp.  78-82. 
Waitb,E.R.  1904.    The  breeding  habits  of  the  fitting  fish  (BMspti^fuix  Cantor).    Rec- 
ords Australian  Mm.,  vol  v,  lor  1903-1904.,  pp.  293-295. 
.  1905.    The  breeding  habits  of  the  paradise  fish  {Poljfacanthu8  apercukarU  L.). 

Records  Australian  Mus.,  vol.  vi,  1905-1907,  pp.  1-4. 
WABiNaroN,  RoBBBT.  1855.    Observations  on  the  habits  of  the  stiddeback  (OoHerosUtis 

leiunu).    Annals  and  Mag.  Nat.  Hist.  ser.  2,  v<^  xvi,  pp.  330-332. 
Wtman,  Jbfibibs.  1859.    On  some  unusual  modes  of  gestation.    Amer.  Jour.  Sd.,  ser.  2, 

voL  xxvn,  pp.  5-13. 


F-ELICHTHYS 


IJorsnl,  lateral,  and  v 


iitK  of  ,n:,lc  cnrrving  ;.s  eyBs. 


FELICHTHYS 


PELJCHTHYS 


0    Voting'  »illi  tip-tilte>t  tail  >;hur[lv  nil 

rsl  .1.1-11. 

1.   Yoiins  in  stntte  «hen  "ski'irini;  "  ove 

of  proure'KJon.  x  1.9.    (Natural  fh 

a.  Younft  in  trcc-h«imininnslaf;e  »ilh 

(hf  hull 

lK^<K  Willi 

1  ui  the  a<)iinriiim  is  tlie  oiilv  niclhoil 
oinplfti-l  V  tlo-eil  over  rhc  volk,  x  .S8. 


IV. 


SPHYRiENA  BARRACUDA:  ITS  MORPHOLOGY. 

HABITS.  AND  HISTORY. 

BY  E.  W.  GUDGER, 

Of  the  State  Nonnal  College,  Greensboro,  North  Carolina. 
Seven  plates,  five  text-figures. 


CONTENTS. 


PAGB. 

General  Deecription 56 

Goto  and  MarkingB 56 

JawB  and  Teeih 59 

Maimer  of  Breathing 70 

Internal  Organs 70 

Habits 74 

How  the  Barracuda  may  be  taken. .  77 

Food  and  Feeding 79 

Parasites 80 


PAQB. 

Use  of  the  Barracuda  as  Food  and  Poi- 
soning resulting  therefrom 88 

Sise 98 

The  Barracuda  Dangerous  to  Man. .    94 

Habitat 99 

Fossil  Fmns 100 

Nomenclature 101 

Drawings  or  Figures  <^  the  Barracuda  101 
Literature  Cited 107 


58 


SPHYRJENA  BARRACUDA;  ITS  MORPHOLOGY, 

HABITS,  AND  HISTORY. 


By  E.  W.  Gudger. 


The  family  Sphyrsenidfie,  the  barracudas,  comprises  one  genus  only, 
Sphyrcma.  The  20  or  more  species  of  this  genus  are  found  in  the  warm 
waters  of  the  tropical  and  sub-tropical  zones  all  round  the  world.  They 
are  carnivorous  fishes,  generally  of  large  size,  fierce  and  voracious  in 
habits,  the  salt-water  congeners  of  the  fresh-water  pikes. 

GENERAL  DESCRIPTION. 

At  Tortugas,  the  great  barracuda,  Sphyrcena  barracuda  ( Walbaum) , 
also  known  in  various  parts  of  the  West  Indies  as  picuda  or  becuna, 
is  very  abundant  in  the  lagoon.  Twelve  large  specimens  have  been 
taken  and  examined,  and  scores  of  others  could  have  been  caught 
if  they  had  been  sought.  This  large  fish  has  a  long  and  powerful 
body,  compressed  and  roimded,  in  cross-section  having  a  somewhat 
elliptical  outline.  The  head  is  very  large,  about  one-fourth  the 
total  length  of  the  fish,  is  long,  narrow,  pointed,  and  flat  on  top — 
in  short,  wedge-shaped.  The  mouth  has  an  enormous  gape,  the  jaws 
extending  back  to  a  point  directly  imder  the  eye,  and  measuring  about 
one-half  the  length  of  the  head.  The  lower  jaw  projects  beyond  the 
upper,  and  both  jaws  are  provided  with  huge  canine  teeth.  The  lower 
jaw,  however,  ends  bluntly,  as  is  shown  in  every  figure  of  the  fish 
given  in  this  paper.  In  marked  contradistinction  are  Fowler's  figures 
(1903)  of  S.  ptcudUla  and  S.  tome,  in  both  of  which  the  lower  jaw  is 
drawn  out  into  a  fine  thin  point. 

All  of  these  points  will  be  made  clear  by  reference  to  figure  1, 
plate  I,  and  figures  3  and  4,  plate  ii,  photographs  of  specimens  taken 
at  Tortugas  and  Miami,  Florida.*  Attention  is  also  called  to  the 
spinous  dorsal  fin,  which,  with  its  five  rays  connected  by  a  thin 
transparent  membrane,  is  depressible  in  a  groove,  thereby  becoming 
invisible.  This  fin  is  placed  almost  immediately  over  the  abdomi- 
nally located  pelvic  fins;  while  the  soft  dorsal,  placed  far  back,  occupies 
a  similar  position  with  reference  to  the  anal  fin.  Not  only  are  these 
two  fins  similar  in  position  and  appearance  but  also  in  structure,  each 
being  provided  with  a  spine  in  front.  The  wide  separation  of  the 
two  dorsals  and  their  location  over  the  ventrally  placed  pectoral  and 
anal  fins  gives  the  fish  a  symmetrical  appearance  despite  its  bulky 
figure.    The  body  ends  in  a  thick,  stout  caudal  pedimcle  which  bears 

*Th6  ficure  on  the  opposite  page  (text-figure  1),  which  is  reproduced  from  Frank  T.  Bullen's 
"Denixens  of  the  Deep/'  represents  the  barracuda  in  thoroughly  characteristic  attitudes.  The 
fiibes  are  wdl  drawn. 
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the  large,  rather  deeply  forked  caudal  fin,  of  which  the  upper  lobe 
is  generally  slightly  the  larger.  The  appearance  of  this  fish  givee  one 
the  idea  of  speed  and  power  in  about  equal  proportions.  It  is  erf  tlie 
type  of  the  battle  cruiser. 

The  body  of  the  fish  is  well  panoplied  with  fairly  large  cycloid  scales. 
The  eyes  are  large  and  staring,  and  are  placed  about  the  center  of  die 
upper  lateral  region.  The  anterior  nostril  is  a  small  pore  at  the  front 
end  of  the  supraorbital  ridge;  the  posterior  is  a  silt  (0.25  inch  long  in  a 
3  feet  10  inch  specimen)  standing  nearly  vertical  (sli^tly  forward  and 
downward)  in  front  of  the  eye.  Our  American  authorities  (Jordan 
and  Evermann,  and  Evermann  and  Marsh)  state  that  the  lato^  line 
is  straight,  but  their  figure  shows  that  it  rises  slightly  just  above  tite 
pectoral  fin.    In  my  specimens,  for  the  most  part,  this  rise  was  far 


TEXT-riouBE  2. — Spiii/Ttma  banaeuda  (Wslbaum),  after  Jordan  and  ErcnnaiiD. 

more  marked  than  in  tiieir  figure,  in  one  fish  b^inning  2  inches  back  of 
the  tip  of  the  pectoral.  In  my  laiK^st  specimen,  however,  the  rise  was 
only  moderately  pronounced. 

As  was  noted  above,  12  large  specimens  have  been  taken  and  exam- 
ined, but  the  fish  being  so  characteristic  in  structure  and  markings  that 
it  is  recc^nized  at  a  mere  glance,  fin  ray  count  was  made  for  only  one 
specimen.  This  fish,  an  adult,  3  feet  10  inches  in  length,  had  doreal 
rays  v-i,  9;  and,  i,  8.  Jordan  and  Evermann  (1896)  give  D.  v-l,  9;  A. 
I,  9;  but  their  figure  has  only  8  anal  rays.  Evermann  and  Mai^,  in 
their'Tishesof  Porto  Rico"  (1900), make  the  dorsal  rays  v-i,  10;  and 
the  anal  ones  i,  8;  yet  they  copy  Jordan  and  Evermann's  figure 
referred  to,  which  has  but  9  soft  rays  in  the  dorsal.  Pos^bly  there  ia 
some  variation  in  the  number  of  fin  rays.  The  figure  referred  to  is 
reproduced  herein  as  text-figure  2. 

The  table  on  page  58  gives  the  comparative  measurements  of  these 
12  specimens  in  inches  and  the  weight  in  pounds. 

COLOR  AND  MARKINGS. 

There  is  considerable  variation  in  the  body-color  and  markings  of 
this  big  barracuda.  In  life,  specimen  No.  11  was  on  the  upper  surface 
a  rich  dark  green,  the  sides  silvery,  the  belly  chalky-white.  In  tiie 
mid-lateral  region  the  green  sent  down  bars  into  the  silvery  r^on. 
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which  in  turn  sent  white  bars  up  into  the  green^  the  two  forming  an 
interlocking  or  dove-tailing,  as  shown  in  the  diagrammatic  figure 
(text-figure  3  A).  Unfortunately,  the  number  of  these  bars  was  not 
counted.  Specimen  No.  10  (3  feet  10  inches  long),  shortly  after  being 
killed,  was  dorsally  black  with  an  iridescent  metallic  blue  in  some  lights; 
it  had  some  blue  on  the  sides,  lower  down  was  silvery,  and  the  ventral 
parts  were  a  chalky-white. 

Evermann  and  Marsh  (1900)  speak  of  ''dark  longitudinal  streaks 
along  rows  of  scales  above  lateral  line.''  This  was  confirmed  on  one 
fish  only.  Of  No.  1,  my  notes  say,  ''faint  dark  longitudinal  stripes  or 
streaks  above  lateral  line.''  This  was  my  smallest  specimen,  2  feet  1.5 
inches  in  extreme  length.  The  largest  Porto  Rican  specimen  was 
16  inches  long.  It  seems  probable  that  this  is  a  juvenile  marking  which 
disappears  with  age.^ 

Reference  has  already  been  made  to  the  bars  foimd  just  above  the 
lateral  line  on  each  side  of  fish  No.  11.    On  fish  No.  1,  lying  wholly 
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Tbxttioubb  3. 

A. — ^Dovo-tafling  of  the  upper  green  mnd  the  lower  silvery  colors  on  the  side  of  barracuda  No.  11. 

(Senuhdiagrnmmfttic) . 
B. — ^Longitudinal  stripes  and  vertical  ban  on  right  side  of  barracuda  No.  1. 

above  the  lateral  line  and  crossing  the  horizontal  streaks  at  a  large 
acute  angle  forward,  were  18  or  20  dark  bars  as  shown  in  text-figure  3  B. 
No.  5  had  18  bars,  as  noted  for  No.  1,  but  no  longitudinal  streaks  were 
visible.  No.  7  had  about  18  similar  bars,  as  did  No.  8.  No.  9  had 
about  20.  No.  10  had  17  on  the  right  side  and  18  on  the  left.  No.  11 
has  already  been  referred  to,  and  the  last  and  longest  specimen  either 
had  no  such  bars  or  I  failed  to  note  them.  In  the  case  of  No.  6  these 
notes  explicitly  state  that  the  bars  were  lacking.  In  addition  to  these 
bars  or  oblong  more  or  less  rectangular  blotches  found  on  the  body 
forward  of  the  dorsal-anal  fin  region,  there  were  generally  present  on 
the  lateral  hinder  parts  certain  interesting  spots  to  which  attention 
will  now  be  called. 

No.  4  had  on  the  hinder  half  of  the  right  side  of  the  body  15  large 
black  spots,  some  faint,  and  some  apparently  of  two  run  together; 
but  on  the  left  9  spots  only.  No.  9,  in  addition  to  the  20  black  bars 
above  the  lateral  line  on  each  side,  had  below  the  lateral  line  23  black 
spots,  some  faint  and  some  apparently  double.  On  the  left  side  there 
were  18.    All  were  mainly  behind  the  anterior  margin  of  the  second 

^Some  months  after  writing  the  above,  Professor  W.  H.  Longley  informed  me  that  on  July 
14, 1910,  there  was  taken  out  in  open  water  at  Tortugas,  a  little  barracuda  "about  an  inch  long 
which  was  marked  with  a  distinct  lateral  band  of  brown  pigment  running  the  length  of  the  body 
through  the  eye." 
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donal.  No.  10  had  18  Mack  wpoiA  on  Uie  ri^t  and  14  on  the  left  side. 
These  were  below  the  lateral  line  and  extended  fnun  a  p<Mnt  just 
anterior  to  Uie  anal  back  to  the  caudal  peduncle  and  oa  \hi&  some  were 
found  above  the  lateral  line  also. 

No.  12  had  on  the  right  side  about  15  qx>t6;  some  large,  some  small: 
some  distinct,  some  faint.  On  the  left  side  there  ware  2  large  spots 
about  amidships,  and  behind  these  about  6  small  indistinct  spotR. 
Furthermore,  interesting  to  note,  there  wa^  on  the  ventral  surface  of 
the  body,  on  the  median  line,  between  the  anal  and  caudal  fins,  quite  a 
number  of  dark  spots.    These  were  not  noticed  on  any  oth^  fish. 

Evermann  and  Marsh  (1900)  speak  of  '^usually  from  one  to  several 
small,  very  daric  brown  spots,  sometimes  black,  scattered  insularly 
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on  the  side."  They  also  say  that  the  young  have  dark  irregularly 
shaped  blotches  or  bars  sometimes  disappearing  with  age.  However, 
from  a  study  of  my  specimens  described  above  it  would  seem  that  this 
conclusion  does  not  apply  to  the  Tortugas  form.  Further  it  is  inter- 
esting to  note  that  No.  2  (2  feet  4  inches  in  extreme  length)  had  but  4 
spots  on  the  right  and  3  on  the  left  side,  some  of  these  being  very  pale. 
Then  again  No.  6  (3  feet  1.5  inches  outside  measurements)  had  no 
spots  at  all.  This  may  have  been  S,  guachancho,  which  is  described  as 
being  devoid  of  any  color  markings  whatever,  lacking  "regular  bars 
and  scattered  spots.''  In  this  connection  it  is  of  interest  to  note  that 
Temminckand  Schlegel  (1850)  in  writing  of  Japanese  barracudas  say 
that  the  young  of  S.  vulgaris  have  the  upper  parts  covered  with  brown- 
ish marblings  and  that  on  the  lateral  Une  there  is  often  found  a  range  of 
dark  spots,  oblong  and  rather  closely  crowded. 

The  following  are  descriptions  of  the  markings  of  four  small  barra- 
cudas taken  at  Tortugas  in  the  season  of  1917,  which  were  kindly  sent 
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to  me  by  Dr.  A.  G.  Mayer.  In  transit  the  bottle  containing  them  was 
broken  and  they  reached  me  in  a  dried  condition,  but  with  their  color 
markings  quite  clear  and  well  defined.  No.  1,  measuring  2.6  inches 
from  tip  of  snout  to  base  of  caudal,  has,  between  that  point  and  the 
hinder  edge  of  the  opercle,  about  9  dark  blotches  which  extend  across 
the  dorsum  and  down  to  the  belly  on  each  side.  Another  fish  of  the 
same  length,  but  hardly  so  bulky,  has  about  7  of  these  saddle-shaped 
bands.  A  third,  2.35  inches  to  the  base  of  the  caudal,  has  about  6. 
The  last  and  smallest  (2.25  inches)  has  7  bands,  possibly  the  most 
definitely  marked  off  of  all.  In  addition  to  these  bands  noted,  there 
is  another,  not  quite  so  clear,  extending  from  the  fore  part  of  one 
opercle  across  the  back  to  the  other  gill-cover.  Again,  on  the  dorsum, 
across  the  base  of  the  skull,  all  foiu*  specimens  show  a  dark  blotch. 

These  bands  are  especially  large  and  are  somewhat  irregular  in  shape 
in  the  region  of  the  lateral  line  on  each  side.  On  the  median  line  of 
the  dorsum,  especially  in  the  region  of  the  second  dorsal  fin,  these 
bands  run  together,  giving  these  parts  a  very  dark,  even  black  appear- 
ance. There  can  be  no  doubt  that,  as  the  fish  grows  older,  the  dorsal 
connection  disappears  and  the  lateral  parts  of  the  bands  are  left  as  the 
dark  bars  or  splotches  described  above  and  shown  in  figure  1,  plate  i. 

These  colors  referred  to  above  were  noted  on  my  fish  after  death. 
In  life  the  color  of  the  fish  readily  accommodates  itself  to  its  surround- 
ings. A  large  barracuda  basking  near  the  surface  of  the  water  in  the 
neighborhood  of  a  coral  head,  a  buoy  or  a  channel  stake,  appears 
much  as  a  ghost  fish,  a  shadowy  wraith.  Another  lying  near  the  bot- 
tom over  coral  sand  will  so  acconmiodate  itself  to  its  environment 
as  to  be  almost  unnoticeable  so  long  as  it  remains  quiet.  Wood- 
Jones  (1912)  says  that  it  is  the  hardest  of  all  sea  fish  to  see. 

JAWS  AND  TEETH.^ 

The  mouth  parts  of  the  barracuda  deserve  attention  both  for  them- 
selves and  because  they  do  not  seem  to  have  been  adequately  described. 
The  mouth  is  very  large,  being  in  length  nearly  half  of  the  head  and 
having  a  large  gape.  Together  with  this,  the  projecting  lower  jaw,  the 
enormous  canine  teeth,  the  large  glassy  staring  eyes,  give  the  fish  an 
aspect  of  ferocity  which  is  not  belied  by  its  habits,  as  will  be  shown 
later.  It  has  bcNen  fittingly  compared  to  a  bull-dog,  and  Saville-Kent 
(1893)  notes  that  at  Moreton  Bay,  Australia,  it  is  called  dingo  because 
of  "its  formidable  array  of  teeth." 

The  lower  jaw  is  longer  than  the  upper,  projecting  notably  as  a 
conical  fleshy  mass  of  tissue  which,  if  on  the  upper  jaw,  would  form  a 
decided  snout.    Dissection  of  this  jaw  in  the  fresh  specimen  revealed 

*The  material  on  which  I  have  based  my  obeervationa  for  this  section  consists  of  four  dried 
heads  from  Tortugas  (dried  with  the  mouths  distended)  and  one  fresh  head  sent  to  me  packed 
in  salt  from  Miami,  Florida.  For  this  last  specimen  and  for  previous  similar  favors  I  am  indebted 
to  Mr.  John  Mills,  of  Miami. 
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the  following  interesting  structure :  The  rami  of  the  mandible  are  as 
usual  imited  at  the  apex  by  a  mass  of  cartilage,  but  what  is  imusual 
is  that  this  cartilage  projects  forward  as  a  considerable  lump  which, 
covered  by  flesh  and  skin,  gives  the  lower  jaw  the  appearance  shown  in 
figures  3  and  4,  plate  n,  and  figures  7  and  8,  plate  m.  For  the  dis- 
sected jaw  see  figure  13,  plate  rv.  It  should  be  noted,  however, 
that  in  cutting  away  the  flesh  and  skin  some  of  the  cartilage  was 
imwittingly  removed,  hence  the  projecting  mass  is  not  as  great  as  in 
nature.  This  conical  lump  forms  the  terminal  part  of  the  rather  thin 
fibrous  lip  of  the  lower  jaw.  This  lip  is  freely  movable  and  has, 
fastening  it  to  the  skin  of  the  jaw,  a  number  of  short  oblique  back- 
wardly  trending  slips  of  tissue.  These  allow  free  motion  of  this  lip. 
For  these  structures  see  figures  4  and  8,  plates  n  and  in. 

Turning  now  to  the  upper  jaw,  it  is  readily  seen  that  the  premaxil- 
laries  lie  outside  of  and  are  separated  from  the  maxillaries  by  a  deep 
groove.  In  front,  the  symphysis  of  these  bones  is,  like  that  of  the  lower 
jaw,  covered  by  a  mass  of  soft  tissue.  This  mass,  however,  is  much 
smaller  than  that  of  the  lower  jaw,  does  not  form  such  a  conical  pro- 
jection, and  is  comparatively  tiliin  and  upturned.  At  the  very  point 
on  the  median  line  this  is  hollowed  out  into  a  deep  pocket  for  the  recep- 
tion of  the  great  fang  of  the  lower  jaw.  To  aid  in  the  formation  of 
this  cavity,  the  terminal  portions  of  both  premaxillaries  are  hollowed 
out  to  the  point  of  imion  to  form  a  little  bay.  Viewed  dorsally,  the 
maxillaries  seem  to  lie  above  and  (in  the  hinder  region)  outside  of  the 
premaxillaries,  but  in  front  they  swing  toward  the  median  r^on. 
Viewed  from  below,  the  true  situation  is  revealed;  posteriorly  they  lie 
outside  the  premaxillaries,  but  about  one-fourth  the  distance  forward 
they  cross  over  these  bones  and  come  to  lie  inside  and  are  xmited  by 
tissue  in  the  region  of  the  hinder  group  of  great  fangs  on  the  premax- 
illaries. Attached  to  each  premaxiUary  is  a  thin  fold  of  skin  forming 
a  less  pronoimced  and  less  movable  lip  than  is  foimd  on  the  lower  jaw. 
These  structures  are  seen  in  figures  7,  plate  m ;  and  11  and  12,  plate  iv. 

The  articulation  of  the  upper  jaw  to  the  skull  is  entirely  unique  and 
hence  worthy  of  description.  The  premaxillaries  are  non-protractile 
and  are  almost  incapable  of  motion.  The  maxillaries,  however,  are  so 
hinged  onto  the  anterior  end  of  the  cranium  as  to  allow  the  tip  of  the 
upper  jaw  to  be  raised  in  a  vertical  plane.  This  interesting  articula- 
tion is  shown  in  figures  11  and  12,  plate  iv.  The  vomer  has  each 
shoulder  beveled  off  dorsally  and  anteriorly,  and  in  front  there  is  a 
stout  spine  rounded  off  on  the  upper  surface  and  the  anterior  end. 
The  palatines  send  forward  stout  processes  rounded  in  front,  flattened 
below  and  especially  on  the  inner  edges.  Between  these  two  processes 
above  and  the  projecting  point  of  the  vomer  below  there  is  seen  a  con- 
siderable space,  if  one  looks  at  the  skull  laterally.  In  a  ventral  view 
the  maxillaries  are  seen  to  have  just  behind  their  symphysis  a  pair  of 
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pockets  or  recesses;  a  dorsal  one  as  wide  as  long,  and  a  shallow  ventral 
one  lying  anterior  to  the  other.  The  roof  of  the  larger  recess  is  made 
by  the  nasals,  which  are  united  by  and  imbedded  in  a  mass  of  carti- 
laginous material.  The  sides  of  tliis  pocket  are  formed  by  two  roimded 
backwardly  and  slightly  inwardly  projecting  prominences  of  the  maxil- 
laries.  Viewed  from  above,  the  anterior  ends  of  the  maxillaries,  just 
outside  the  processes  described,  are  hollowed  out  into  shallow  cavities 
-whose  use  will  be  described  below.  Figures  11  and  12,  plate  rv,  show 
these  structures  both  from  below  and  from  above. 

In  articulation  these  bones  fit  together  as  follows:  the  forward  pro- 
longation of  the  vomer  fits  into  the  posterior  and  dorsally  placed  cavity 
between  the  maxillaries;  the  backwardly  projecting  processes  of  the 
premaxillaries  fit  into  the  spaces  between  the  shoulders  of  the  vomer 
and  the  forwardly  projecting  processes  of  the  palatines ;  while  the  united 
nasals  lie  dorsal  to  the  frontal  process  of  the  vomer  and  between  the 
forwardly  projecting  horns  of  the  palatines;  and  lastly  the  flattened 
and  roimded  ventral  surfaces  of  these  same  horns  fit  into  the  grooves 
excavated  into  the  anterior  dorsal  surfaces  of  the  maxillaries.  Thus 
there  is  formed  a  beautiful  joint  allowing  little  motion  laterally  but 
considerable  in  the  vertical  plane.  However,  the  union  of  the  right 
and  left  halves  of  both  maxillaries  and  premaxillaries  by  ligaments 
and  cartilage  allows  a  widening  of  the  upper  jaw  at  the  angle  of  the 
mouth,  as  will  be  shown  below. 

The  rami  of  the  lower  jaw  are  likewise  united  in  front  by  cartilage 
and  connective  tissue,  and  behind  they  are  hinged  onto  the  quadrates. 
These  in  turn  are  immovably  attached  by  suture  joints  to  the  pala- 
tines. These  latter  bones  are  hinged  like  a  door  or  the  lid  to  a  chest, 
posteriorly  to  the  prefrontals  and  anteriorly  to  lateral  projections  of 
the  vomer.  In  widening  the  mouth,  the  upper  and  lower  jaws  spread 
apart  behind  and  the  quadrates  and  palatines  swing  outward  and 
upward.  This  takes  place  at  the  same  time  that  the  lower  jaw  drops 
downward  while  the  tip  of  the  upper  jaw  is  raised.  All  this  results 
in  giving  the  barracuda  an  enormous  gape,  a  necessity  for  a  fish 
which  preys  on  other  large  fish  and  which  swallows  its  food  in  large 
fragments.  These  points  are  well  shown  in  figures  5,  plate  n;  7,  plate 
in;  11,  12,  and  13,  plate  rv. 

The  lower  jaw  is  filled  with  knife- 
like canine  tc^th  set  palisade  fashion 
just  inside  the  lip-like  membrane. 
These  are  small  in  front  but  larger 
in  the  middle  and  posterior  parts. 
They  point  slightly  backward,  espe- 
cially those  in  rear.  Their  numbers  for  my  five  specimens  appear 
in  the  accompanying  table,  the  dried  heads  being  taken  in  the 
ascending  order  of  size.     The  +  teeth  are  the  small  ones  at  the 
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front  of  each  ramus  of  the  jaw;  those  marked  +e  are  in  the  act  of 
erupting.  Two  factors  seem  to  account  for  this  variability.  First  the 
size  of  the  fish;the  larger  the  fish  the  greater  the  number  of  teeth.  Hie 
fresh  head  was  unfortunately  not  measured,  but  a  study  of  the  teetJi  and 
comparative  measurements  of  the  bones  show  that  it  was  about  the 
size  of  the  dried  head  No.  iii,  and  possibly  a  little  larger.  The  second 
factor  relates  to  the  number  of  teeth  that  have  been  broken  off  with- 
out sufficient  time  having  elapsed  for  their  being  rei^aced.  This  is 
particularly  true  of  dried  head  No.  rv,  where  on  the  right  side  several 
teeth  have  been  broken  off.  Figure  13,  plate  iv,  from  a  photograi^ 
of  the  lower  jaw  of  the  fresh  specimen,  will  make  these  points  clear. 

In  front,  at  the  symphysis  of  the  rami  of  the  lower  jaw,  is  a  huge 
fang,  bowed  on  the  front  edge  and  slightly  hooked  backward.  This 
was  single  in  each  of  my  five  specimens,  on  the  right  side  in  four  speci- 
mens and  on  the  left  in  one.  Two  of  these  teeth  might  be  expected 
but  one  seems  to  be  always  broken  off.  This  matter  will  be  discussed 
later,  but  it  should  be  noted  here  that  this  tooth  \s  always  inclined 
toward  the  vertical  median  plane  of  the  head  and  jaws — ^that  on 
the  left  side  towards  the  right  and  that  in  the  right  vice  versa. 

The  upper  jaw  has  in  front  at  the  apex,  under  the  snout,  a  group 
of  huge  knife-shaped  fangs,  two,  three,  or  four  on  each  side,  not  two 
pairs  as  Jordan  and  Evermann  state. 
The  two  anterior  of  these  generally  point 
about  straight  downward,  while  the  pos- 
terior ones  are  sharply  hooked  backwards. 
All  are  convexly  bowed  on  the  front  edge. 
These  teeth  may  be  seen  in  nearly  every 
figure  of  the  fish  and  of  its  head  given  in 
this  paper.  The  accompanying  table  shows  their  numbers  in  my  five 
specimens. 

Implanted  on  the  palatines  in  palisade  fashion  are  a  number  of  large, 
pointed,  lancet-shaped  teeth,  in  structure  and  arrangement  very  simi- 
lar to  the  mandibular  teeth  but  much  larger.  These  are  largest  in 
front  and  decrease  in  size  backward,  becoming  very  small  at  the  rear. 
The  most  anterior  ones  are  but  little  if  any  smaller  than  the  great  f ang3 
and  on  each  side  the  series  runs 
backward  in  line  with  these  fangs. 
These  teeth  have,  however,  no  phys- 
ical connection  with  each  other, 
there  being  a  wide  hiatus  between 
them,  as  may  be  seen  in  figure  12, 
plate  rv.     The  accompanying  table 

gives  the  numbers  of  these  teeth  for  each  specimen.  The  +  teeth  are 
the  small  ones  at  the  rear,  while  +e  indicates  teeth  just  erupting. 
Here  again,  it  will  be  noted  that  the  larger  the  specimen  the  larger 
and  more  numerous  the  palatine  teeth. 
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Closely  set  in  palisade  fashion,  beginning  about  opposite  the  space 
between  the  first  and  second  great  fangs,  are  the  small  knife-like 
teeth  of  the  premaxillaries.  These  teeth, 
pointing  slightly  backward  and  extending 
clear  to  the  angle  of  the  mouth,  give  the 
upper  jaw  a  very  saw-like  appearance,  as 
may  be  seen  in  figure  8,  plate  iii.  The 
data  tabulated  herewith  would  seem  to 
show  that  the  number  of  these  teeth  is 
fairly  constant,  the  discrepancies  being  chiefly  due  to  teeth  broken 
off  and  not  yet  replaced. 

An  interesting  point  was  passed  over  in  the  dried  heads  and  seen 
only  when  the  fresh  head  was  dissected — ^that  the  teeth  of  the  lower 
jaw,  those  of  the  premaxillaries,  those  on  the  palatines,  and  even  the 
great  fangs  under  the  snout;  all  the  teeth  in  the  mouth,  except  the 
solitary  fang  of  the  lower  jaw,  are  set  "overlapping."    That  is,  in 
every  case,  where  the  teeth  are  crowded,  the  front  edge  of  every  tooth 
rests  on  the  outer  side  of  the  tooth  before  it,  and  its  hinder  edge  is 
set  on  the  inside  of  the  tooth  behind  it;  going  from  behind  forward,  the 
teeth  over-lap  like  the  shingles  on  a  roof.    This  is  especially  apparent 
where  new  teeth  are  ready  to  erupt.    Reference  to  figures  12  and  13  on 
plate  IV,  photographs  of  the  cleaned-oflf  jaws,  will  make  this  plain. 
When  the  mouth  is  closed,  the  parts  of  this  formidable  dental  appa- 
ratus are  approximated  sausage-mill  fashion,  as  follows:    The  teeth 
of  the  lower  jaw  fit  into  deep  grooves  between  the  premaxillaries  and 
palatines  of  the  upper  jaw  and  the  big  anterior  canine  fits  into  the 
pocket  of  the  upper  jaw  which  has  already  been  described;  the  pre- 
maxillary  teeth  of  the  upper  jaw  come  to  rest  against  the  lip-like 
membrane  lying  just  outside  the  great  teeth  of  the  lower  jaw,  while 
the  huge  palatines  fit  into  a  wide,  deep  space  between  the  lower  jaw 
and  the  tongue,  and  finally  the  big  anterior  canines  are  received  into 
special  recesses  in  the  membrane  lining  the  anterior  part  of  the  floor 
of  the  mouth  just  behind  the  symphysis  of  the  mandibles.    Held  in 
such  teeth  no  fish  can  escape  save  by  leaving  part  of  itself  behind. 

The  sausage-mill  approximation  of  these  teeth  will  be  clearer  after 
an  examination  of  figures  6,  plate  ii;  12,  plate  iv;  9  and  10,  plate  lu. 
The  particular  point  to  be  noted  is  the  presence  of  the  mandibular 
breathing  valve,  and  in  its  forward  part  the  depressions  in  it  which 
accommodate  the  great  canines  of  the  upper  jaw.  However,  the 
modification  of  the  mouth  parts  to  fit  these  huge  teeth  does  not 
end  here,  but  extends  to  the  very  bones  themselves.  In  figure  13, 
plate  IV,  the  reader  will  discern  on  the  inside  of  each  ramus  of  the 
lower  jaw  just  behind  the  jimction  an  excavation  in  the  bone.  These 
are  to  receive  the  points  of  the  great  canines  of  the  upper  jaw. 
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There  are  no  teeth  on  the  vomer,  but  on  the  tongue  is  a  number  of 
rows  of  small,  sharp-pomted  recurved  teeth  which  must  materially 
aid  in  the  swallowing  process,  as  do  the  large  number  of  small  teeth 
covering  the  pharyngeals  above  and  below  and  the  inner  edges  of  the 
gill-arches.  These  are  quite  necessary,  since  the  great  barracuda 
chops  its  prey  (if  of  any  size)  into  large  fragments  which  are  swallowed 
whole.  In  addition  to  the  structures  described,  there  is  a  large  breath- 
ing valve  in  the  upper  jaw,  just  posterior  to  the  four  great  canines  and 
anterior  to  the  palatine  teeth.  Below,  a  similar  structure  is  found 
just  in  front  of  the  tongue.  The  tongue  has  considerable  freedom 
of  motion. 

On  the  imder  side  of  the  lower  jaw,  just  behind  the  point  of  junction 
of  the  mandibles,  are  two  round  apertures  leading  into  blind  sacs 
extending  both  backward  and  forward  some  little  distance.  What 
function  these  subserve  is  not  known  to  the  writer.  They  are  shown 
in  figure  6,  plate  ii. 

Before  leaving  this  subject  it  may  be  of  interest  to  give  the  sizes 
of  some  of  these  great  teeth.  In  fi^  No.  10  (3  feet  10  inches  long), 
the  single  tooth  at  the  apex  of  the  lower  jaw  measures  13  mm.,  the 
big  upper  front  teeth  are  15  mm.  long  free  of  the  gum,  and  the  knife- 
blade  teeth  implanted  on  the  palatines  run  from  9  to  13  mm.  The 
large  teeth  of  specimen  No.  12  (55  inches  long),  which  is  No.  nr  of 
the  tables  of  teeth,  have  for  the  most  part  had  their  points  broken  off 
and  hence  their  measurements,  generally  speaking,  do  not  show  up 
so  large  as  they  should.  Thus  the  big  lower  tooth  measures  only 
11  mm.,  while  the  upper  ones  run  from  12  to  14  (tips  broken)  to  17 
and  18  mm.  (perfect  teeth).  The  palatine  teeth  of  this  fish  run  from 
9  to  16  mm.  These  measurements,  it  must  be  imderstood,  are  all  made 
from  dried  specimens  and  may  possibly  be  slightly  greater  than  in  the 
freshly  caught  fish.  When  the  flesh  was  cleaned  off  of  the  fresh  head, 
on  the  lower  jaw  the  big  anterior  tooth  (tip  broken)  measured  10  nun. 
and  the  great  chopping  teeth  further  back  ran  from  6  to  9  mm.,  aver- 
aging about  7  to  8  mm.  The  great  fangs  of  the  anterior  upper  jaw 
measiu^  11,  13  (two  teeth),  and  14  mm.  (Two  other  teeth  were 
at  the  point  of  erupting.)  The  four  great  incisors  on  the  right  pala- 
tine measmred  12,  14,  8  (tip  broken),  and  10  mm.  from  before  back- 
ward. Similar  measurements  for  the  four  corresponding  teeth  on  the 
left  palatine  were  12,  11,  11,  and  9  mm. 

Figure  5,  plate  ii,  shows  the  number  and  relative  position  of  these 
great  teeth  of  the  upper  jaw.  Some  idea  also  can  be  gotten  of  the  size, 
shape,  and  position  of  those  of  the  lower  jaw.  The  photograph  was 
taken  looking  into  the  mouth  from  behind.  The  two  inner  groups  of 
teeth  are  the  great  fangs  on  the  premaxillaries.  The  outer  groups  are 
the  huge  knife-shaped  teeth  on  the  palatines. 
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Inspection  of  figures  12  and  13,  plate  iv,  shows  that  the  teeth  are 
set  m  alveoli  or  sockets  in  each  ramus  of  the  mandible  and  the  pre- 
maxillary,  and  in  each  palatine.  These  teeth  are  polyphydont — ^that 
is,  they  are  replaced  by  new  teeth  as  soon  as  they  are  worn  down, 
broken  ofif,  or  become  loosened  in  their  sockets.  In  some  socketed 
teeth  the  succession  is  vertical,  i.  e.,  the  new  tooth  is  formed  in  the 
same  socket  as  the  old  one  and  grows  out  at  the  same  aperture.  This 
is  by  virtue  of  the  fact  that  the  base  of  the  old  tooth  is  absorbed  and 
the  new  tooth  thus  comes  to  lie  below  it  and  to  take  its  place.  In 
other  fishes  the  new  tooth  succeeds  its  predecessor,  growing  side  by 
side  with  it  or  its  stump. 

In  the  great  barracuda  the  teeth  are  set  in  sockets,  out  of  which 
they  grow  by  multiplication  of  cells  at  their  pulpy  bases.  Room  for 
the  new  teeth  is  often  made  by  the  old  teeth  being  broken  off,  where- 
upon the  root  is  resorbed  and  a  new  tooth  erupts  alongside  the  first 
to  take  its  place.  This  state  of  things  can  be  seen  in  the  photographs 
of  the  skull  of  the  specimen  from  Miami,  as  shown  in  figures  12  and 
13,  plate  IV.  In  the  figure  of  the  lower  jaw,  the  fang  at  the  terminus 
of  the  left  ramus  has  been  broken  off  and  already  one  sees  the  chink 
through  which  the  new  tooth  will  emerge.  In  figure  12,  of  the  upper 
jaw,  we  have  a  similar  state  of  affairs.  The  left  front  fang  has  been 
broken  off,  the  one  next  to  it  has  become  loose  in  its  socket  and  in  the 
space  between  the  two  is  seen  the  hole  out  of  which  the  new  tooth  will 
come. 

Closer  inspection  of  figures  12  and  13,  plate  iv,  will  show  some  two 
dozen  similar  cases  among  the  premaxillary,  mandibular,  and  pala- 
tine teeth.  All  stages  can  be  made  out  from  the  recently  broken-off 
stumps  to  the  half-grown  replacing  tooth.  This  is  the  reason  for  the 
variable  niunber  of  great  fangs  at  the  apex  of  the  upper  jaw.  Some  of 
these  in  the  cleaned  head,  it  should  be  noted,  were  so  loose  in  their 
sockets  that  they  had  to  be  glued  in  to  prevent  their  being  lost.  A 
similar  state  of  affairs  is  revealed  by  a  close  examination  of  the  jaws 
of  the  three  dried  heads.  The  study  of  the  succession  of  teeth  in  this 
fish  would  be  of  both  interest  and  value.  It  would,  however,  have  to 
be  imdertaken  where  there  was  an  abimdance  of  fresh  material. 

Before  taking  up  the  literature  of  this  phase  of  the  subject  it  is 
well  to  emphasize  the  fact  that  all  my  specimens  and  their  figures 
show  but  one  fang  at  the  sjonphysis  of  the  lower  jaw.  For  this  see 
the  figures  of  the  dried  heads  on  plate  ni;  and  figure  13,  plate  iv, 
showing  the  teeth  of  the  fresh  specimen  from  Miami.  These  single 
fangs  are  always  inclined  toward  the  median  line,  the  ones  situated 
on  the  right  side  are  inclined  towards  the  left,  and  vice  versa.  Inspec- 
tion of  the  largest  dried  head  and  of  the  fresh  specimen,  however, 
shows  that  the  left  tooth  has  only  recently  been  broken  off;  while  in 
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dried  head  No.  ui,  a  new  fang  is  just  ready  to  erupt  on  the  right  aide. 
Apparently  two  teeth  belong  at  the  apex  of  the  lower  jaw,  but  only  one 
seems  to  be  present  at  any  given  time.  This  point  will  be  tak^i  up 
again  after  the  literature  of  the  subject  has  been  reviewed. 

The  earliest  writer  whom  I  have  f oimd  to  give  any  accurate  descrip- 
tion of  the  jaws  and  teeth  of  Sphyrama  is  Rondelet  (1558).*  Writing 
of  the  European  form,  the  spet,  he  says: 

''The  lower  jaw  is  longer  than  the  upper,  ends  in  a  point,  and  receives  the 
upper  jaw  into  itself.  ...  It  has  strong  pointed  teeth  curved  inwards  like 
those  of  the  Mursena.  On  the  upper  jaw  there  are  four,  and  on  the  palate  are 
two  rows  of  teeth.  At  the  center  (a^pex)  of  the  lower  jaw  there  is  one  tooth 
greater  than  all  the  others,  which  enters  into  a  cavity  in  the  center  of  the  upper 
jaw  made  on  purpose  to  receive  it." 

Even  clearer  and  more  expUcit  is  the  Roman  physician,  Salviani, 
whose  folio  work  on  fishes  appeared  in  the  same  year  as  that  of  the 
Latin  edition  of  his  contemporary.    He  writes: 

''The  upper  jaw  is  obtuse  and  shorter,  the  lower  acute  and  longer.  As  a 
result,  the  point  of  the  wedge76hf^)ed  beak  is  constituted  only  of  the  extr^ne 
part  of  the  lower  jaw;  and  into  the  lower  and  longer  manlla,  the  shorter 
upper  jaw  fits  when  the  mouth  is  closed.  Each  jaw  is  fortified  with  teeth,  tiie 
upper  with  larger  ones,  the  lower  with  smaller;  and  in  the  middle  of  the 
anterior  part  of  this  lower  jaw,  indeed  in  the  very  hiatus  of  the  mouth,  there 
stands  out  one  tooth  the  longest  and  sharpest  of  all.  This,  when  the  mouth  is 
closed,  is  so  received  into  a  foramen  in  the  anterior  and  membranous  part  of 
the  upper  jaw,  that  this  projects  a  little  on  the  outside. "f 

These  descriptions,  though  made  from  the  Mediterranean  species,  are 
more  accurate  for  our  fish  than  is  Sloane's,  even  though  his  was 
written  from  the  West  Indian  form  found  at  Jamaica.  Sloane  says 
(1707),  of  a  barracuda  15  inches  long  and  hence  inamature: 

''The  under  jaw  had  two  Rowes  of  small  Teeth,  and  one  long  one  at  the 
End  in  the  Middle,  the  upper  had  one  Row  of  small  teeth  on  the  outside  and 
another  within  of  long  ones." 

Catesby's  description  (1754)  is  also  very  imperfect.  For  his  fish  see 
figure  16,  plate  v.    He  simply  sa}^  of  Bahama  specimens: 

"The  upper  jaw  is  armed  with  four  large  teeth,  placed  at  [opposite  to]  the 
fore  part  of  the  imder  jaw;  next  the  head  are  placeid  ten  smaller  teeth,  being 
five  on  each  side;  and  in  the  fore  part  of  [the  lower  jaw]  .  .  .  grows  one  sin|^ 
large  tooth.*' 

Patrick  Browne  (1756)  found  two  large  canines  at  the  apex  of  the 
lower  jaw,  which  he  notes  was  the  longer.  The  mouth  is  described  as 
very  large,  the  jaws  especially  so.  These  are  filled  with  many  oblong 
lanceolate  teeth,  "whereof  the  two  foremost  [on  the  lower  jaw]  pi^x^ 

*The  first  edition  of  Rondelet's  work  was  published  in  Latin  in  1554. 
tThis  is  faintly  shown  in  Salviani  's  excellent  figure. 
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through  so  many  sockets  formed  in  the  tips  of  the  upper  jaw,  while 
others  lodge  on  either  side  of  the  opposite  teeth."  He  seems  to  be  the 
first  to  note  the  presence  of  teeth  on  the  tongue  and  of  the  two  lower 
fangs. 

Fermin  (1769)  contents  himself  with  saying  that  the  jaws  are  filled 
with  long  and  trenchant  teeth  which  nothing  can  withstand. 

Parra's  interesting  book  on  Cuban  fishes,  published  in  1783,  contains 
a  pretty  fair  description  of  the  dental  apparatus  of  the  West  Indian 
barracuda,  perhaps  the  best  up  to  date.  His  figure,  however,  is  crude. 
See  figure  17,  plate  v. 

His  statement  reads : 

**  In  the  upper  jaw  these  fish  have  in  front  four  teeth  lai^^er  than  the  others, 
and  posteriorly  three  or  four  others  also  large:  on  the  external  Up  of  this  jaw 
they  have  a  row  of  teeth  small  in  sisse.  In  ti^e  lower  jaw  they  have  one  in  the 
middle,  also  large,  which  corresponds  to  a  space  which  has  been  noted  in  the 
upper  jaw.  .  .  .  there  appear  on  the  margin  of  the  lower  jaw,  teeth  small  at 
first  but  which  soon  grow  larger  and  articulate  with  the  laige  and  small  teeth 
of  the  upper  jaw.  To  their  sharp  edges  and  position  as  described  is  due  the 
fact  that  these  animals  cut  like  a  knife  when  they  bite." 

The  most  accurate  description  of  the  jaws  and  teeth  of  fishes  of  the 
genus  Sphyroma  that  I  have  seen  is  that  by  Cuvier  and  Valenciennes, 
in  the  third  volxune  of  their  HisUnre  ruUureUe  des  poissona  (1829).  In 
speaking  of  the  Mediterranean  form,  S.  vulgaris,  the  common  spet,  they 
note  that  the  lower  jaw  ends  in  a  fle^y  point,  that  the  tip  of  the  upper 
is  truncated  to  adapt  itself  to  the  curve  of  the  lower,  and  that  both  have 
membranous  lips  outside  the  teeth.  Cuvier  and  Valenciennes's  descrip- 
tion of  the  jaws  was  not  read  until  months  after  my  own  specimens 
had  been  described,  yet  the  reader  of  this  paper  will  find  the  descrip- 
tions almost  interchangeable.    They  say: 

"The  intermaxillaries  [premaxillaries?]  have  along  their  edge  a  single  row 
of  very  small  teeth,  numerous  and  sawUke;  but  at  their  anterior  ex&emity 
and  a  little  inside,  they  each  have  two  laige  ones,  one  behind  the  other,  com- 
pressed, trenchant,  a  Uttle  arched  and  pointed.  A  little  fiuiJier  back  and  at 
some  distance  from  the  intermaxillaiv  teeth,  but  in  the  same  line,  there  are 
on  each  palatine  three  or  foiur  equaUy  large,  cutting  and  pointed,  but  not 
arched  teeth;  then  there  follow  backward  along  the  length  of  each  palatine 
twelve  to  fifteen  other  teeth,  very  small  and  sluiped  like  saw  teeth,  after  the 
fashion  of  those  on  the  intermaxillaries. 

''On  the  lower  jaw  there  are  two  strong  cutting  teeth,  pointed  and  hooked, 
which  correspond  in  this  anterior  region  to  the  four  on  the  upper  jaw.  Tlie 
fish  often  has  only  one  and  this  gives  it  the  air  of  never  havmg  had  but  one 
at  the  end  of  the  lower  jaw.  Along  each  side  of  this  jaw  one  sees  at  first  sight 
a  series  of  a  score  of  very  small  teeth  of  which  the  hinder  ones  become  very 
laige  and  trenchant  but  not  half  equalling  the  great  palatine  teeth  which 
are  directly  above  them.  When  the  mouth  is  closed  the  lateral  teeth  of  the 
lower  jaw  enter  into  the  interval  between  the  intermaxillary  and  palatine 
teeth  of  the  upper.    The  vomer  has  no  teeth." 
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Of  the  great  barracuda,  Cuvia:  and  Valencieimes  give  an  excellent 
colored  figure  accompanied  by  a  line  drawing  of  the  jaws  and  teeth. 
The  former  figure  is  reproduced  as  figure  18  of  {date  t,  while  figures 
19  and  20,  plate  vi,  show  both  the  line  drawing  lelened  to  and 
the  head  oif  the  colored  figure.  The  reader  is  particularly  requested  to 
contrast  the  figure  of  the  jaws  and  teeth  with  the  photographs  of 
Florida  specimens.  Cuvier  and  Valenciennes  note  that  the  great 
teeth  are  very  large  and  non-arched,  but  th&r  figure  has  them  (espe- 
cially the  upper  ones)  curved  backward.    Of  the  other  teeth  they  say: 

'^E^h  palatine  has  a  number  of  large  teeth,  which  may  range  from  five  or 
six  to  ten  or  twelve,  without  any  litUe  ones,  either  in  their  intervals  or 
farther  back.  At  the  most  each  has  three  or  four  small  ones,  which  are  only 
seen  in  young  specimens  or  when  one  cleans  off  a  skeleton.  Hence  the  edge 
of  this  bone  is  sharp  and  smooth." 

In  their  full-length  figure  the  great  teeth  above  and  below  are  hooked 
backwardly ;  there  is  only  one  big  canine  below  but  two  above.  In  the 
line  drawing  two  lower  canines  are  seen  straight  and  unpointed,  while 
the  four  big  upper  ones  are  backwardly  hooked. 

Louis  Agassiz  (1843)  not  only  figures  the  jaws  and  teeth  of  S.  barra- 
cuda but  the  skull  and  skeleton  as  well.  His  beautiful  figure,  which  in 
the  main  points  is  technically  correct,  is  herein  reproduced  as  figure 
21,  plate  VI,  while  figure  22,  plate  vi,  is  an  enlarged  photographic 
copy  of  the  skull  and  adjacent  parts.  The  one  point  criticizable  is 
that  the  pelvic  fin  is  possibly  placed  slightly  too  far  forwards.  After 
noting  that  all  the  parts  of  the  head  are  much  elongated  Agassiz  says : 

''The  intermaxillaries  have  a  single  row  of  small  teeth  on  their  lateral 
border,  but  in  front  and  a  little  inside  there  are  two  very  large  ones,  comprised 
and  very  trenchant,  slightly  bowed  and  very  pcHnted,  accompani^  sometimes 
by  one  or  by  two  teeth  much  smaUer.  Farther  back  and  on  the  same  line, 
the  palatines  bear  a  series  of  five  or  six  equally  large,  sharp  and  pointed 
teeth,  not  bent  but  for  the  most  part  like  lance  heads.  Succeeding  also  to 
these  on  the  length  of  the  palatines  are  twelve  or  fifteen  teeth  much  smaller 
and  serrated  like  those  on  the  intermaxil  aries.  The  lower  jaw  has  only  two 
large  trenchant  teeth,  pointed  and  bent,  at  the  anterior  symphysis  of  the 
branches  of  the  mandible,  which  correspond  to  those  of  the  upper  jaw.  Along 
each  arm  of  the  lower  jaw,  there  follows  each  other  a  series  of  teeth,  trenchant, 
straight,  pyramidal  in  appearance,  more  or  less  large  and  more  or  less  elon- 
gated. These  correspond  to  the  grand  palatines  and  fit  in  between  these  and 
the  intermaxillaries  when  the  animal  closes  its  formidable  mouth.'' 

To  recapitulate,  Rondelet  (1558)  and  Salviani  (1554)  each  found  a 
single  tooth  at  the  symphysis  of  the  branches  of  the  lower  jaw;  so  did 
Sloane  (1725)  and  Catesby  (1754)  and  Parra  (1787),  while  Biittikofer 
(1890)  found  but  one  in  the  lower  jaw  of  S.  jeUo  caught  off  the  coast  of 
Liberia.  Jordan  and  Evermann  (1896)  call  for  and  figure  but  one. 
Fowler  (1903)  found  but  one  in  S.  tome.    Bullen  (1904),  in  his  very 
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spirited  figure  (text-figure  1) ,  shows  but  one  fang.  Wood-Jones  (1912) , 
in  his  photograph  (figure  2,  plate  i)  of  a  giant  specimen  from  Cocos- 
Keeling  Islands,  shows  but  one  tooth.  My  five  specimens,  as  their 
photographs  show,  had  but  one  fang  each.  On  the  other  hand  Browne 
(1756)  speaks  of  two  teeth  at  the  symphjrsis  of  the  lower  jaw  as  does 
Guichenot  in  his  "Poissons  de  Cuba*'  (1860).  In  describing  the  spet 
of  Mediterranean  waters,  Cuvier  and  Valenciennes  (1829)  distinctly 
say  that  at  the  point  of  the  lower  jaw  are  two  large,  strong,  ciurved 
teeth.  Of  the  great  barracuda  they  say  that  the  dentition  is  like  that 
of  the  spet.  Their  full-length  figure  of  S.  barracuda  shows  but  a  single 
tooth  at  the  apex  of  the  lower  jaw,  but  their  line  drawing  of  the  head 
foimd  on  the  same  plate  shows  two  straight  fine-pointed  teeth.  The 
single  tooth  in  the  other  figure  is,  however,  correctly  hooked  backward. 
Agassiz  (1843)  likewise  says  that  the  lower  jaw  has  two  great  teeth  at 
its  apex,  but  his  figure  shows  only  one.  (See  figure  22,  plate  vi.) 
The  last  to  be  quoted  is  Day  (1865),  who  says  that  there  are  two 
large  canines  in  the  anterior  part  of  the  lower  jaw  of  S.  jello  of  India. 

It  is  interesting  just  here  to  note  that  Cuvier  and  Valenciennes 
quote  Pl^e  as  sajdng  that  he  has  seen  great  niunbers  of  yoimg  barra- 
cudas not  more  than  6  inches  long  and  that  ''all  lack  the  tooth  of  the 
lower  jaw."  The  following  data,  however,  may  be  given  for  specimens 
hardly  more  than  one-third  as  long  as  Pile's.  The  four  little  barra- 
cudas taken  at  Tortugas  in  1917,  and  described  on  page  59  for  their 
color  markings,  have  the  great  tooth  of  the  lower  jaw  present  and 
exposed  for  study  by  reason  of  the  shrinking  of  the  tissues  at  the  tip 
of  the  upper  jaw.  The  largest  and  bulkiest  fish  (2.6  inches  long  to 
the  base  of  the  caudal)  has  but  one  lower  anterior  tooth,  the  right. 
All  three  of  the  others  (measuring  2.6,  2.35,  and  2.25  inches)  have  but 
one  each  and  that  the  left  tooth. 

After  thinking  on  the  matter  for  some  time,  it  became  clear  to  me 
that  since  the  lower  jaw  is  bilateral  and  since  there  is  one  fang  at 
the  external  end  of  one  ramus  of  the  mandible,  there  is  due  to  be  one  at 
the  other.  When  the  head  of  the  fresh  specimen  from  Miami  was 
cleaned  oflf,  there  (in  the  proper  position),  was  the  base  of  the  broken-oflf 
left  fang.  A  little  dissection  of  the  largest  dried  head  revealed  a  pre- 
cisely similar  state  of  affairs.  Removal  of  a  lot  of  tissue  at  the  apex  of 
the  lower  jaw  of  dried  specimen  No.  in  showed  a  new  tooth  nearly 
ready  to  break  through ;  and  in  the  smallest  dried  head  the  stump  of 
a  broken-off  tooth  was  found. 

From  a  consideration  of  the  foregoing  facts  it  is  clear  that  the  great 
barracuda  normally  has  two  great  teeth  at  the  apex  of  the  lower  jaw, 
but  for  some  unknown  reason  only  one  is  commonly  foimd,  the  one  or 
the  other  being  broken  off.  It  would  be  of  no  small  interest  if  the 
reason  for  this  could  be  ascertained. 
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MANNER  OF  BREATHINa 

In  the  preceding  section,  r^erence  has  several  times  been  made  and 
attention  has  been  called  to  the  figures  of  the  breathing  valves.  These 
structures  are  developed  to  such  a  degree  in  the  barracuda,  that  the 
fish  is  enabled  to  breathe  with  its  mouth  open  or  at  most  only  par- 
tially closed.  The  head,  including  both  the  upper  and  lower  jaws,  is 
remarkably  elongated  and  sharply  pointed,  as  may  be  seen  by  reference 
to  figures  3  and  4,  plate  n.  Across  the  narrow  anterior  end  of  the  roof 
of  the  upper  jaw  is  stretched  a  fold  of  flexible  membrane  having  a  cres- 
centnahaped  posterior  edge.  In  similar  position  in  the  floor  of  the 
mouth,  just  posterior  to  the  symphysis  of  the  mandibular  bones,  is  a 
similar  but  larger  breathing  valve,  whose  hinder  crescentic  edge,  how- 
ever, swings  free  of  the  anterior  end  of  the  somewhat  movable  tongue. 
In  this  valve  are  marked  depressions  to  receive  the  great  premaxillary 
teeth.  These  valves  may  be  plainly  seen  in  figures  6,  plate  n;  and  9 
and  10,  plate  m. 

The  action  of  these  valves  is  very  interesting.  Ordinarily  they  lie 
horizontally,  the  one  having  above  it  and  the  other  below  it  a  space 
large  enough  for  one  to  move  about  therein  the  handle  of  a  scalpel,  or, 
in  a  large  specimen,  one's  finger.  In  gentle  breathing,  these  valves 
swing  slightly  forward  and  downward  for  the  one,  forward  and  upward 
for  the  other.  But  in  violent  expiration,  in  consonance  with  the  sharp 
upward  rise  of  the  floor  of  the  mouth,  the  hyoid  region,  and  the  strong 
pulling  together  and  downward  of  the  gill-covers,  the  water  would  be 
forced  forward  out  of  the  mouth  but  for  these  valves.  Being  elastic 
and  markedly  distensible,  they  swing  together  in  a  horizontal  median 
line,  catch  and  hold  the  forwardly  moving  column  of  water,  which  is 
then  forced  out  backwardly  over  the  gills  and  out  imder  and  behind  the 
gill  covers.  With  the  relaxation  of  the  hyoid  region  and  opercula,  the 
elasticity  of  the  breathing  valves  brings  them  back  to  thdr  normal 
horizontal  position. 

The  reason  why  this  fish  has  such  well-developed  breathing  valves 
results  from  the  fact  that  it  does  not  close  its  mouth  in  expiration. 
This  in  turn  is  probably  to  be  correlated  with  the  extraordinary  devel- 
opment of  the  great  teeth,  especially  those  on  the  anterior  parts  of  the 
premaxillaries,  since  when  the  mouth  is  closed  these  must  fit  into  the 
depressions  in  the  anterior  part  of  the  mandibular  valve.  Because  of 
these  great  teeth  it  is  probably  both  more  convenient  and  more  com- 
fortable for  this  fish  to  keep  its  mouth  more  or  less  open,  even  while 

breathing. 

INTERNAL  ORGANS. 

Of  no  less  interest  than  the  structures  just  described  are  the  internal 
organs.  Of  fish  No.  10  (3  feet  10  inches  in  extreme  length)  careful 
dissection  and  full  notes  were  made.  The  abdominal  cavity  was  18.5 
inches  long  from  the  diaphragm  to  the  anus,  with  a  1-inch  post-anal 
extension  to  be  described  later. 
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There  seems  to  be  in  this  fish  a  structiire  apart  from  the  pericardial 
sac  which  fmictions  as  a  true  diaphragm.  Cuvier  and  Valenciennes 
(1820)  speak  of  a  diaphragm  in  the  European  form,  the  spet.  Con- 
tained in  the  body-cavity  were  the  spermaries,  the  air-bladder,  and  the 
alimentary  tract  with  the  liver  and  spleen.  The  digestive  apparatus 
was  29.5  inches  long,  of  which  the  stomach  was  12.5  inches  long  by 
1.5  inches  wide,  and  the  intestine  17  inches  long  by  0.5  inches  wide. 
The  stomach  had  the  shape  shown  in  text-figure  4  a,  the  intestine 
coming  ofif  2.5  inches  below  or  behind  the  oesophageal  constriction. 
The  sac  below  the  pyloric  opening  was  filled  with  the  bones  of  fishes. 
My  notes  say  that  this  organ  was  supplied  with  three  large  blood- 
vessels, but  their  connections  were  not  worked  out. 
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AnAtomioal  featurM  of  S,  harraeuda,  all  semi- 
diagrammatio. 

A.  StomadL 

B.  liver. 

C.  Gall-bladder. 

D.  Air-bladder. 


When  the  abdomen  is  opened  the  first  organ  visible  in  the  anterior 
end  is  the  liver.  This  is  shaped  very  like  a  flat  or  English  riding 
saddle  turned  upside  down,  the  '^ skirts"  or  flaps  extending  upwards 
on  each  side  of  the  stomach.  It  lies  in  the  extreme  forward  end  of  the 
abdomen  just  behind  the  heart.  In  specimen  No.  10  it  was  just  about 
an  inch  thick  at  the  forward  end,  where  it  was  thickest  (the  point 
marked  x  in  the  diagram,  text-figure  4  b).  On  the  dorsal  surface, 
opposite  the  point  marked  x,  the  bile  duct,  3.5  inches  long,  was  given 
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oflf.  This  extended  back  to  the  gall  bladder,  which  lay  akmgside  the 
small  intestine  just  anterior  to  the  spleen.  The  gall  bladder  was  2 
inches  long  and  0.5  inch  wide,  and  was  shaped  somewhat  like  two  con- 
ventionalized wings  placed  base  to  base,  as  shown  in  the  diagrammatic 
figure  4g.  The  spleen  had  the  same  general  shape,  but  was  3.25 
inches  long  by  1  inch  wide. 

Lying  between  the  body  of  the  Uver  and  the  upturned  "skirts"  of 
the  saddle  (which  were  placed  against  the  lateral  walls  of  the  abdomen) 
was  the  great  mass  of  the  pyloric  coeca,  which  mass  was  shaped  much 
like  the  liver,  but  had  a  greater  voliune  and  occupied  a  greater  area. 
Of  these  coeca,  only  those  lying  on  the  dorsal  and  ventral  surfaces  of 
the  mass  were  counted,  but  even  these  numbered  148.  Dorsal  to  this 
mass  of  coeca  were  the  stomach  and  small  intestine. 

The  dorsal  part  of  the  abdominal  cavity  is  occupied  by  the  much- 
elongated  air-bladder.  Anteriorly  this  is  bifurcated  to  form  two  horns, 
posteriorly  there  is  but  one  which  occupies  the  short  post-anal  exten- 
sion of  the  abdomen  (this  was  1  inch  long  in  a  3-foot  10-inch  specimen). 
A  fish  2  feet  10  inches  in  extreme  length  had  an  air-bladder  11.5  inches 
long,  the  anterior  end  of  which  had  a  2.5-inch  bifurcation.  In  a  3- 
foot  7-inch  specimen,  the  air-bladder  measured  15  inches,  the  horns 
being  3.5  inches  in  length.  A  third  specimen,  measuring  3  feet  10 
inches  between  perpendiculars,  had  in  its  18.5-inch  abdominal  cavity  a 
16.5-inch  air-bladder,  the  bifurcation  of  which  extended  forward  3.5 
inches.  The  general  shape  and  appearance  of  this  organ  is  shown  in 
text-figure  4d. 


Text-fiourb  5.     Spinal  column  of  a  fish  found  embedded  in  mesentery  of  a  barracuda. 

While  dissecting  this  fish,  some  hard  object  was  found  embedded  in 
the  mesentery.  At  first  it  was  thought  that  it  was  a  mummified  pipe- 
fish, but  when  freed  of  all  attached  material  it  was  seen  to  be  the  back- 
bone of  a  fish.  This  was  confirmed  when  a  portion  of  it  was  put  imder 
a  microscope.  It  was  fairly  straight  save  at  the  upper  end,  where  it 
was  bent  as  is  shown  in  text-figure  5.  It  is  hard  to  conjecture  just  how 
this  vertebral  column  could  have  worked  its  way  out  through  the  wall 
of  the  intestine  into  the  mesentery.  Inclusions,  while  not  common, 
are  not  imknown.  Some  half  dozen  or  more  have  been  noted,  but  will 
not  be  considered  here. 
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The  first  of  the  old  writers  to  give  any  account  of  the  internal  organs 
of  a  Sjjihyroma  is  Rondelet  (1558).  His  brief  statement  concerning 
the  spet  of  the  Mediterranean  is  as  follows:  ''It  has  a  long  stomach 
with  several  additions  [coeca],  the  bowels  are  long,  the  liver  whitish." 

Sloane  (1707)  briefly  sajns  that  its  stomach  is  "sack-fashioned,"  and 
that  the  coecal  appendages  are  very  many. 

Parra  (1787)  makes  no  mention  of  the  viscera  other  than  the  air- 
bladder.  This  in  his  specimen  was  12  inches  long  by  5  inches  thick. 
His  figure  of  the  air-bladder,  while  crude,  is  in  the  main  correct. 

Guvier  and  Valenciennes  (1829)  give  a  very  definite  description  of 
the  internal  organs  of  a  fish  of  the  species  described  by  Rondelet : 

^'The  viscera  are  simple,  elongated.  The  liver  has  only  one  lobe,  placed 
on  the  right  side  of  the  abdomen. 

"The  oesophagus  \a  short  and  soon  is  transformed  into  the  stomach,  which 
is  an  elongated  but  narrow  sac  of  such  a  kind  that  the  capacity  of  the  viscera 
is  not  very  great.  The  pylorus  opens  close  to  the  carcUac  end  near  to  the 
diaphragm;  it  is  provided  with  a  very  great  number  of  coeca,  disposed  m  a 
single  row  on  the  length  of  the  duodenum.  The  intestine  is  narrow  and  goes 
straight  to  the  anus  without  making  a  bend." 

They  note  that  the  liver  is  black,  rather  thick,  rounded  at  its 
extremities,  and  placed  across  the  middle  of  the  stomach.  The  swim 
bladder  is  large  with  the  upper  walls  thicker  than  those  next  the 
viscera.  It  is  pointed  behind,  but  forked  in  front.  Each  horn  is 
pointed  and  terminates  near  the  skull,  but  no  communication  with  the 
auditory  capsules  could  be  foimd. 

Of  our  form,  Sphyrcma  barracuda,  Cuvier  and  Valenciennes  merely 
say  that  its  viscera  are  very  similar  to  those  of  the  European  form, 
the  chief  difference  being  that  its  stomach  is  larger. 

Where  so  many  other  structures  were  found  to  be  so  markedly 
individual  it  was  something  of  a  disappointment  to  find  the  reproduc- 
tive organs  entirely  normal  in  structure  and  position.  They  were,  how- 
ever, very  large,  befitting  a  fish  of  this  size.  No.  10  (3  feet  10  inches 
over  all)  was  a  male  with  a  spermary  bifurcated  in  front  but  coalesced 
behind  into  a  common  tube  ending  in  the  genital  pore.  The  right  lobe 
was  8,  the  left  9.5  inches  in  length  anterior  to  the  point  of  bifiu^cation. 

The  gross  structure  of  the  ovary  is  precisely  that  of  the  spermary. 
My  largest  specimen  (No.  12)  was  a  female  4  feet  7  inches  long  over 
all.  The  right  lobe  of  her  ovary  was  14.5  inches  long,  at  the  left  sac 
15.5 — the  eggs  being  immature.  This  huge  ovary  was  presented  to 
the  United  States  National  Museum,  to  the  authorities  of  which  I  am 
indebted  for  the  beautiful  photograph  which  forms  figure  14  of  plate  iv. 

In  the  course  of  this  research  the  only  reference  found  to  the  struc- 
ture of  the  reproductive  organs  is  in  Cuvier  and  Valenciennes  (1829), 
and  they  merely  note  that  the  spermaries  and  ovaries  are  two  straight 
sacs  found  in  the  hinder  part  of  the  abdomen. 
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HABITS. 

Little  is  known  about  the  habits  of  the  barracuda,  hence  the  few 
notes  that  have  been  collected  in  the  course  of  this  research  may  be 
of  value.  The  fish  seems  in  the  main  to  be  rather  solitary.  Only  once 
was  a  school  of  them  noticed.  The  water  at  Loggerhead  Key  being 
too  shallow  for  an  anchorage  for  our  yacht,  the  Anton  Dokntj  she  was 
kept  tied  up  to  a  buoy  in  the  deep  channel  southeast  of  the  sally-port 
of  Fort  Jefferson  on  Garden  Key.  Around  the  Dohm  thus  anchored 
a  small  school  of  barracudas  coiUd  sometimes  be  seen,  and  6  or  8  fish 
were  noticed  on  June  23,  1912.  They  were  possibly  attracted  by  the 
scraps  thrown  overboard  from  the  galley;  at  any  rate  they  were  made 
bold  by  himger,  for,  after  one  of  them  had  been  struck  with  the  grains 
and  wounded,  another  one  of  the  school  was  taken  on  a  trolling  spoon 
thrown  out  and  rapidly  pulled  in  by  hand.  The  appearance  and 
attitudes  of  the  members  of  this  band  are  faithfully  shown  in  Bullen's 
(1904)  figure  reproduced  opposite  page  65. 

On  one  other  occasion  what  may  perhaps  be  described  as  a  small 
school  was  seen.  While  trolling  one  day  between  Loggerhead  and 
Bird  Keys  I  had  a  heavy  strike  and,  on  hauling  in,  brought  a  large 
barracuda  to  the  surface.  Remarkable  to  say  this  had  as  a  companion 
on  either  side  a  barracuda  nearly  as  large  as  itself.  These  had  their 
heads  in  the  region  of  the  right  and  left  pectoral  fins  of  the  captive. 
For  this  no  explanation  can  be  offered.  When  the  captive  was  brought 
nearer  the  boat,  its  companions  disappeared. 

The  earliest  reference  to  the  fish  called  Sphyrama  is  in  Aristotle's 
'^History  of  Animals*'  (Book  ix,  chap.  3, 610  6, 5), where  it  is  listed  among 
fishes  that  go  in  schools.  Rondelet  (1558),  however,  says  nothing 
about  such  a  habit,  nor  do  Cuvier  and  Valenciennes  (1829)  refer  to  it, 
but  they  say  of  S.  guachancho  that  ''This  species  travels  in  companies, 
and  there  are  sometimes  taken  together  more  than  200  individuals,  all 
of  the  same  size."  Finally,  Henderson  (1916)  speaks  of  the  picudas 
or  barracudas  (maximum  length  6  feet)  ranging  the  water  in  schools  or 
squadrons.  Whether  or  not  Cuvier  and  Valenciennes,  and  Henderson 
also,  had  in  mind  the  subject  of  this  paper,  the  great  barracuda,  can  not, 
of  course,  be  said.  There  are  at  least  three  species  of  the  genus Spftyrcena 
found  in  the  West  Indies,  and  all  are  commonly  called  barracudas. 

In  support  of  the  present  writer's  contention  that  the  big  barracuda 
is  solitary  rather  than  social,  Holder  may  be  quoted  (1903,  p.  90; 
1910,  p.  125) ;  and  Holder  has  known  this  fish  as  no  other  scientific 
man  ever  has.  This  declaration  of  Holder's  is  conciured  in  by  Bullen 
(1904),  who  says  of  the  West  Indian  species  that  it  is  a  morose  and 
solitary  fish,  that  even  two  are  seldom  seen  together — ^in  short  that 
it  seems  to  be  a  ''comparatively  scanty  species."  As  to  the  California 
barracuda  (S.  argentea).  Holder  says  that  it  "runs  in  schools,  some  of 
which  have  been  seen  miles  in  extent."    And  of  the  South  Pacific 
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form,  BuUen  (1904),  speaking  of  New  Zealand  waters,  says  that  ''In 
no  other  place  have  I  seen  the  Barracouta  swim  in  schools  of  hundreds 
of  thousands,  almost  as  closely  packed  as  mackerel."  Ward  (1907) 
succinctly  says  that  on  the  east  coast  of  Australia  it  goes  ''in  schools 
which  rival  those  of  the  herring  and  mackerel  for  nxunbers  and  dense- 
ness.'^  At  Beaufort,  North  Carolina,  the  present  writer  has  frequently 
taken  as  many  as  a  dozen  of  the  yoimg  of  S.  horealis  at  one  haul  of 
a  100-foot  seine,  and  it  may  be  that  the  young  of  the  big  barracuda 
go  in  schools. 

However,  so  far  as  the  present  writer's  experience  goes,  the  large 
fish  are  rather  solitary,  and  such  individuals  are  frequently  to  be  found 
lying  motionless  near  the  surface  of  the  water  around  large  coral  heads 
reaching  nearly  to  the  surface,  around  buoys,  channel  stakes,  wharves, 
wrecks,  etc.  One  or  more  individuals  could  be  foimd  almost  every 
day  of  the  season  of  1912  "hanging  around"  our  western  dock  at 
Loggerhead.  Three  other  kinds  of  fish  had  the  same  habit  at  the 
same  place,  i.  e.,  gars,  gray  snappers,  and  "minnows."  The  last  two 
kinds  plainly  came  to  get  fish  scraps  from  dissections  and  debris 
thrown  overboard  by  the  cook  and  they  were  prompt  in  their  attend- 
ance. The  gars,  and  in  large  degree  the  snappers  also,  fed  largely  on 
the  minnows,  while  the  barracudas  fed  on  idl  three  indiscriminately. 
Considerable  sport  was  had  shooting  these  gars  with  a  22-caiiber 
rifle,  but  after  wounding  or  killing  them  none  was  ever  secured,  for 
the  barracudas  snapped  them  up  at  once.  However,  in  turn  these 
were  often  taken  with  baited  hooks. 

The  big  barracuda  has  the  interesting  habit  of  herding  its  prey 
either  imtil  it  has  digested  its  previous  meal  and  again  feels  hungry 
or  because,  being  thoroughly  savage  and  bloodthirsty,  it  enjoys  the 
game.  Perhaps  both  conjectures  are  correct.  A  nxunber  of  instances 
of  this  sort  have  been  noted.  On  June  9,  1912,  off  the  southern  coal 
shed  at  Fort  Jefferson,  a  30-inch  barracuda  was  observed  to  have  a 
small  school  of  gray  snappers  herded  in  shallow  water.  Although  I 
went  quite  near  them,  they  paid  little  attention  to  me  but  huddled 
close  together  and  as  a  flock  moved  one  way  or  the  other  as  the  barra- 
cuda moved.  They  seemed  to  be  in  abject  fear  of  it  and  made  no 
effort  to  break  away  imtil  I  scared  it  off.  In  the  same  afternoon  a 
4-foot  barracuda  was  observed  under  oiu*  eastern  dock  at  Loggerhead 
herding  a  big  school  of  fishes  comprising  some  150  gray  snappers  12  to 
16  inches  long,  and  niunbers  of  yellowtails,  grunte,  parrot-fishes, 
angel-fishes,  surgeon-fishes,  cock-eye  pilots,  etc.  These  hung  around 
the  piles  and  swam  among  the  rocks  piled  on  the  foimdations  of  the 
dock  to  strengthen  it,  and  not  one  of  th^n  dared  make  a  break  for 
liberty.  A  trolling  spoon  was  procured  and  thrown  out  to  the  big 
fish,  whereupon  he  slowly  backed  off  into  deeper  water,  and  then  the 
assembly  broke  up. 
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One  other  instance  of  like  kind  may  be  given.  During  the  first  two 
weeks  of  June  1913^  a  big  barracuda  laid  ofif  our  eastern  wharf,  herding 
the  gray  snappers  and  making  it  unsafe  to  bathe.  Almost  daily  efiforte 
were  made  to  hook  him,  and  a  pair  of  grains  was  kept  on  that  dock 
for  his  special  benefit,  but  he  avoided  grains  and  eschewed  hooks  and 
herded  snappers,  imtil  possibly  he  became  careless.  At  any  rate  Capt. 
Wm.  Lee  Wilson,  finding  him  engrossed  with  the  snappers,  broke  his 
back  with  the  grains  late  one  afternoon  and  brought  him  in  alive  and 
kicking.  This  fish  was  a  male  4  feet  1  inch  long  and  weighed  21 
pounds,  the  largest  specimen  but  one  ever  taken  by  us.  It  is  interest- 
ing to  note  that  a  barracuda  thus  engaged  in  standing  guard  over  a 
herd  of  fish  in  the  manner  just  described,  will  nearly  always  be  found 
to  have  its  broad  forked  tail  slowly  waving  from  side  to  side,  vibrating 
very  like  the  tail  of  a  cat  watching  a  rat  hole.  This  has  also  been 
noticed  by  Holder  (1908). 

Of  the  breeding  habits,  absolutely  nothing  is  known.  Judging  from 
the  habits  of  the  fish  it  seems  probable  that  the  eggs  are  pelagic. 
Thompson  (1905)  says  that  he  took  specimens  1.5  inches  long  inside 
the  Uttle  sheltered  lagoon  of  Bush  Key.  Still  earlier.  Holder  (1903) 
says  that  at  Tortugas  spawning  occiurs  in  the  spring,  but  adds  that 
very  yoimg  fishes  are  rarely  seen,  although  specimens  8  inches  and 
upwards  are  not  uncommon.  At  Beaufort,  North  Carolina,  the  writer 
has  frequently  taken  in  July  the  1.5  to  5-inch  yoimg  of  the  northern 
barracuda  {S.  borealia). 

No  yoimg  barracudas  were  caught  at  Tortugas  during  the  summers 
spent  there  by  the  writer,  but  4  Uttle  ones  were  taken  in  the  sim[mier 
of  1916.  Concerning  these,  Professor  Longley  (with  whom  I  have  had 
the  pleasure  of  studying  the  fishes  of  Tortugas)  kindly  writes  that  on 
July  14  one  about  an  inch  long  was  dipped  up  somewhere  out  in  the 
open.  This  ''was  marked  with  a  distinct  lateral  band  of  brown  pig- 
ment running  the  length  of  the  body  through  the  eye."  The  three 
others  were  taken  on  the  west  side  of  Bush  Key;  one  about  an  inch 
long  from  over  grassy  bottom,  the  others  1  to  2  inches  long  from 
over  sandy  bottom.  Dr.  Longley  thinks  that  all  were  probably  swim- 
ming near  the  surface.  These  were  imfortxmately  not  preserved,  since 
it  was  not  known  then  that  I  was  at  work  on  this  fish. 

As  noted  previously,  four  young  of  the  great  barracuda  were  taken 
at  Tortugas  during  the  summer  of  1917.  They  vary  from  2.25  to  2.6 
inches  in  length  to  the  base  of  the  caudal.  The  total  length  can  not 
be  given,  since  these  specimens  came  to  me  dried  and  in  handling 
their  brittle  caudal  fins  have  lost  their  points.  These  are  believed 
to  be  the  smallest  specimens  ever  studied. 

Since  writing  the  above,  some  corroborative  data  has  come  to  hand 
and  its  inclusion  here  wUl  be  of  value.  Weber  in  his ' '  Fische  der  Siboga^ 
Expedition"  (1913),  in  commenting  on  the  widespread  distribution  of 
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the  Sphyrsenidse,  says  that  this  is  probably  due  to  the  fact  that  the 
young  stages  are  pelagic.  He  adds :  ''  I  captured  in  the  sea  far  distant 
from  the  coast,  in  the  surface  plankton,  a  specimen  only  13  mm.  long 
of  a  Sphyrsena  species,  which  I  have  been  imable  to  identify/'  He  then 
adds  that  he  has  also  taken  four  specimens  of  S.  jeUo  varying  from  47  to 
55  mm.  long. 

HOW  THE  BARRACUDA  MAY  BE  TAKEN. 

Taking  advantage  of  the  habit  of  the  barracuda  in  basking  near  the 
surface  of  the  water,  and  of  its  insatiable  curiosity,  it  was  our  custom 
to  have  a  trolling-spoon  behind  the  VeUUa  or  the  Henderson  (our  smaller 
laimches)  on  their  trips  to  and  from  the  various  coUecting-groimds. 
In  this  way  most  of  the  barracudas  studied  were  caught.  These 
spoons  were  connected  by  a  swivel  to  a  "snood"  of  6  or  8  feet  of 
piano  wire,  and  this  in  turn  by  means  of  another  swivel  was  attached 
to  the  heavy  cotton  hand  line.  The  wire  was  necessary  to  keep  the 
fish  from  cutting  the  Une,  and  the  swivels  to  keep  it  from  snarling  the 
latter  while  endeavoring  to  break  away. 

Our  largest  barracuda  was  thus  taken  in  the  simuner  of  1913.  In 
the  latter  part  of  the  season  we  secured  several  good  specimens,  but 
during  the  first  part  the  barracudas  took  our  spoons  in  one,  two,  three 
order  until  it  seemed  that  every  big  barracuda  in  the  harbor  was  thus 
decorated.  Chief  engineer  John  Mills,  however,  provided  some  extra 
strong  tackle,  and  with  it  was  caught  the  largest  specimen  ever  recorded 
from  the  Tortugas.  This  was  No.  12  of  the  table,  a  female  55  inches 
long  and  38  pounds  in  weight.  Some  of  the  incidents  of  its  capture 
will  illustrate  the  strength  and  vigor  of  these  powerful  fish. 

While  trolling  one  afternoon  there  came  a  tremendous  strike  which 
nearly  pulled  me  overboard.  Responding  vigorously,  this  giant  bar- 
racuda rose  some  2  or  3  feet  in  the  air.*  The  Velella  was  slowed 
down  and  I  began  pulling  the  fish  in  hand  over  hand  as  rapidly  as 
possible.  Captain  Wilson  jumped  into  the  glass-bottomed  boat, 
which  was  towing  behind,  and  began  helping  me,  the  fish  offering  a 
vigorous  resistance  all  the  time,  leaping  and  backing,  and  dashing  from 
side  to  side.  Finally,  when  the  line  had  been  hauled  in  fairly  short,  the 
fish  ran  under  the  skiff,  caught  Captain  Wilson  amidships  with  the 
Une  and  slewing  the  boat  around  nearly  threw  him  overboard;  and 
even  when  safely  slid  over  the  rail  into  the  boat,  it  threshed  and  ham- 
mered around  at  such  a  rate  that  it  was  feared  that  it  would  break 
the  plate  glass  bottom;  nor  did  it  become  quiet  until  it  was  soundly 
trounced  on  the  head  with  a  monkey  wrench. 

In  the  matter  of  the  capture  of  the  barracuda  I  am  happy  in  being 
able  to  add  further  data  from  a  man  who  can  speak  with  authority, 

*In  none  of  the  books  and  articles  consulted  in  this  study  of  the  barracuda  have  any  accounts 
been  found  of  leaping  by  this  fish  save  only  in  BUttikofer's  book  (1890).  He  says  that  on  the 
coast  of  Liberia  they  often  leap  when  in  pursuit  of  smaller  fish.  My  brother,  while  fishing 
among  the  Florida  Keys,  has  had  them  leap  when  hooked. 
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for  Charies  Frederick  Holder  lived  as  boy  and  man  for  many  years  on 
the  outer  Florida  reef  and  knew  it  and  its  fishes  as  no  other  scientific 
man  ever  has.  Among  these  fishes,  he  had  much  acquaintance  with 
the  barracuda.  During  several  years  spent  at  Fort  J^erson  on  Gar- 
den Key,  he  had  great  sport  with  the  barracudas  in  the  lagoon.  He 
used  the  hand-line  (trolled)  sometimes,  but  being  in  search  of  spott 
rather  than  specimens,  for  the  most  part  he  trolled  with  a  rod  and  light 
tackle.  He  generally  had  a  white  rag  tied  to  a  string  4  or  5  feet  long 
trolling  behind  the  boat,  as  a  Ixure  to  ^'  flush  the  fish."  When  the  fish 
was  '^ flushed"  he  would  cast  out  his  bait,  which  he  notes  must  be  a 
fish  with  bright  shining  sUvery  sides,  and  was  rarely  disappointed  in 
getting  a  strike.  Holder  makes  it  plain  that  the  fish  falls  a  victim  to 
its  own  inquisitiveness;  but  when  a  large  specimen  is  hooked,  and  if 
the  angler  uses  light  tackle,  there  is  a  battle  royal  before  the  fish  can  be 
gaffed.  He  writes  very  interestingly  (1903)  of  the  barracudas  in  the 
lagoon  at  Tortugas. 

The  earliest  writer  to  speak  of  taking  them  by  trolling  is  Dampier, 
in  his  ''Two  Voyages  to  Campeachy "  (1729,  6th  ed.) :  "We  commonly 
take  them  when  we  are  under  Sail,  with  a  Hook  towing  after  our  Stem." 
Labat  (1742)  also  notes  that  they  are  taken  with  the  line  and  adds 
''by  the  use  of  the  seine "  also,  but  is  careful  to  say  that  these  latter  are 
only  small  ones,  not  over  3  feet  long.  However,  the  first  reference 
found  to  the  use  of  a  lure  is  in  Macgillivray*s  "Voyage  of  the  Rattle- 
snake" (1852).  He  says  that  in  Bass's  Strait  (between  Australia  and 
Tasmania)  they  took  them  with  "a  hook  towing  astern  baited  with  a 
piece  of  red  or  white  rag."  Once  at  Tortugas  our  stock  of  trolling 
spoons  having  been  depleted,  successful  use  was  made  of  a  small  steel 
shark  hook  to  which  a  piece  of  white  canvas  had  been  attached. 

Bullen  (1904)  gives  nxunerous  instances  of  catching  barracudas  by 
trolling  in  various  seas,  and  also  tells  of  catching  them  by  still  fishing. 
He  gives  an  interesting  account  of  how  the  Maoris  of  New  Zealand 
catch  their  barracudas  by  a  kind  of  fishing  which  might  be  called 
trolling.  This  method,  which  is  only  possible  because  the  fish  go  in 
great  schools,  is  so  absolutely  novel  that  it  seems  worthy  of  incor- 
poration here: 

"Take  a  stout  rod,  say  *8  to  10  feet  in  length,  or  rather  a  pole,  fairly  rigid 
and  tough,  but  not  too  heavy.  To  the  end  of  it  secure  a  piece  of  strong 
fishing  Ime  6  or  6  feet  in  length.  To  the  free  end  of  this  line  attach  a  lure 
made  as  follows:  A  piece  of  red  pine  (rimu)  4t  inches  long,  an  inch  wide,  and 
half  an  inch  thick,  is  scraped  smooth  and  bright  so  that  it  will  glow  crimson 
when  wet.  Through  one  end  of  it  is  driven  a  2-inch  nail,  which  is  carefully 
bent  upward  and  filed  sharp.  Then  this  lure  is  fastened  to  the  line  in  such  a 
manner  that,  in  case  of  the  splitting  of  the  wood,  the  fish  shall  not  be  lost. 
Now  the  boat,  in  which  two  fishermen  sit  to  windward  facing  forward,  is 
sailed  briskly  to  and  fro,  the  fishermen  meanwhile  whipping  the  water  occa- 
sionally until  a  barracouta  snaps  at  the  bait  and  with  a  dexterous  swing  is 
flung  into  the  boat,  where,  as  there  is  no  barb  on  the  hook,  he  immediately 
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falls  off.  At  the  same  time  the  peak  halyards  are  let  go,  so  that  the  boat's 
way  is  deadened  and  the  fishermen  ply  their  poles  energeticdly.  If  they  have 
struck  a  school,  the  fish  rise  and  fall  into  the  boat  with  rythmical  regularity, 
every  sweep  of  the  bait  into  the  water  securing  its  fish." 

The  method,  of  attracting  the  fish  by  means  of  a  lure  and  catching 
it  by  means  of  a  spoon  or  a  white  rag  on  a  hook,  undoubtedly  owes  its 
success  to  the  large  inquisitiveness  and  utter  fearlessness  of  the  fish. 
To  this  desire  to  strike  at  anything  flashing  through  the  water,  Bullen 
accredits  the  frequent  loss  of  patent-log  screw  propellers,  which  are 
trailed  behind  vessels  to  give  the  rate  of  speed  and  register  the  dis- 
tance traveled.  This  has  been  confirmed  by  Dr.  A.  G.  Mayer  in 
conversation  with  the  present  writer. 

On  rare  occasions  one  of  our  laboratory  men,  all  of  whom  were  more 
or  less  expert  with  the  grains,  would  "strike"  a  specimen.  Thompson 
(1905)  says  this  may  be  easily  done;  but  we  found  the  fish  too  wary 
for  much  success  along  this  Une  unless  its  attention  was  distracted,  as 
was  the  case  of  specimen  No.  11  previously  described. 

Holder  in  another  book  (1908)  gives  an  interesting  account  of  how 
a  boatman  of  his  named  ''Barracuda"  used  to  take  the  fish  of  the  same 
name  with  the  grains.  Trolling  a  white  rag  behind  his  rowboat  as  a 
lure,  he  would  scull  the  boat  into  the  sun.  In  this  way  the  fish  would 
face  the  sun  and  be  dazzled  by  it,  while  the  striker  would  have  his 
back  to  the  luminary  with  everything  behind  the  boat  clearly  illu- 
mined. When  the  fish  was  thus  brought  within  range  of  the  grains,  the 
boat  would  be  suddenly  stopped,  and  as  the  fish,  still  watching  the  lure, 
would  forge  slightly  ahead  on  one  side,  the  grains  would  be  thrown. 

FOOD  AND  FEEDING. 

This  fish  is  as  strictly  carnivorous  as  the  shark,  although  hardly  so 
indiscriminate  in  its  choice  of  flesh.  So  far  as  my  observations  and 
dissections  go,  it  is  wholly  a  piscivore,  feeding  entirely  upon  other 
fishes.  It  is  not  meant  to  convey  the  idea  that  it  will  refuse  other  flesh 
food,  but  that  left  to  itself  its  staple  food  is  fish.  In  this  I  am  happily 
corroborated  by  Linton  (1910),  who  found  in  the  stomachs  of  ten 
Tortugas  specimens,  coUected  in  the  summers  of  1906,  1907,  1908,  no 
other  food  than  fishes. 

With  regard  to  the  food  of  the  big  barracuda  and  the  condition  in 
which  it  is  taken  in,  dissection  of  fish  No.  12  (55  inches  long)  gave 
valuable  data.  Its  stomach  was  enormously  distended  and,  when 
opened,  was  found  to  contain  some  5  poimds  of  fish  in  large  fragments, 
surroimded  with  a  lot  of  smaller  fragments  and  topped  ofif  with  the 
latter  half  of  a  fair-sized  Margate  grunt  in  a  rather  advanced  stage  of 
decomposition.  The  fish  merely  chops  up  its  prey  and  swallows  the 
large  fragments  whole. 

Holder  (1903)  found  that  the  barracuda  could  be  taken  only  with  a 
bait  of  shining-sided  fish,  and  that  it  scorned  all  other  baits,  including 
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the  much-vaunted  and  everywhere  successfully  used  '^ crawfish." 
Probably  the  curiosity  of  the  fish  is  attracted  by  the  silv^-sided  fish 
as  it  is  by  a  trolling  white  rag  or  spoon  There  is  no  evidence  whatever 
that  it  at  any  time  eats  ''crawfish,"  as  the  large  spiny  crustacean 
(Palinurus)  of  the  reef  is  locally  called. 

Most  writers  on  this  fish  say  that  it  is  carnivorous,  but  most  of  them 
are  so  obsessed  with  its  apparent  desire  for  himian  flesh  that  they  refer 
to  no  other  source  of  food.  However,  Cuvier  and  Valenciennes  (1829) 
speak  of  a  spet  of  the  "middle  sea"  having  its  stomach  filled  with 
atherinas  and  little  clupeids.  Bullen  (1904)  dissected  specimens  from 
the  Indian  Ocean  and  found  their  stomachs  filled  with  small  mackerel. 
The  man-eating  habit  referred  to  will  be  discussed  in  another  section. 

With  regard  to  its  piscivorous  feeding  habits,  Bullen  (1904)  tells 
a  story  which  is  worthy  of  condensation  and  reproduction  here.  It 
seems  that  while  the  oceanic  waters  aroimd  New  Zealand  abound  in 
fine  food-fish,  the  fresh  waters  are  almost  totally  devoid  of  fishes  worth 
taking  for  either  food  or  sport.  Consequently,  at  great  expense  of 
money,  time,  and  trouble,  salmon  eggs  were  sent  out  many  years  ago 
and  planted  in  one  of  the  rivers.  Some  of  the  eggs  hatched,  and  some 
of  the  young  survived.  These  grew  apace  and  finally  reached  the 
stage  when,  following  their  natural  instincts,  they  journeyed  seaward. 
Down  in  the  estuary  of  their  river  they  first  tasted  the  salt  water,  but 
here  some  native  barracudas  were  prowling  aroimd  in  a  school  seeking 
what  they  might  devour,  and  few  if  any  of  the  young  salmon  ever 
went  back  to  their  place  of  birth.  This  story  illustrates  not  merely 
the  feeding  habits  and  voracity  of  the  barracuda,  but  the  necessity  of 
knowing  the  natural  history  of  the  native  animals  of  a  coimtry  before 
attempting  acclimatization  of  new  ones. 

PARASITES. 

From  what  has  been  said  as  to  the  food  and  manner  of  feeding  of  the 
big  barracuda,  it  is  to  be  expected  that  it  would  be  the  host  of  all  sorts 
of  entozoa,  parasitic  helminth  worms,  but  strange  to  say  such  is  not 
the  case.  Having  myself  paid  no  attention  to  such  parasites  in  my 
specimens,  I  have  naturally  turned  to  the  writings  of  Professor  Edwin 
Linton.  Fortunately  Professor  Linton  has  spent  considerable  time 
at  Tortugas  studying  its  parasitic  entozoa,  and  among  the  fishes  exam- 
ined were  numerous  specimens  of  S.  barracuda.  In  1908  he  notes  that 
3  large  and  4  small  barracudas  were  examined,  and  in  these  immature 
nematodes  were  found  for  the  most  part  encysted  in  the  viscera.  like- 
wise a  few  trematodes  were  found.  So  few  were  parasites  of  all  kinds 
that  Linton  notes: 

"It  is  perhaps  worthy  of  remark  that  the  great  barracuda,  which  is  a  very 
voracious  and  predatory  fish,  appears  to  harbor  but  few  parasites,  either  as 
a  final  or  int^mediate  host.    This  conclusion  is  warranted  also  from  the 


Sphyrcena  barracuda;  Us  Morphology,  Habits,  and  History.  81 

results  of  the  examination  of  five  barracuda  in  Bermuda  in  1903.  The 
largest  Tortugas  specimen  measured  about  1.5  meters  in  len^;  the  Bermuda 
specimens  were  iJbout  half  that  length.  It  would  be  of  mteiiBst  to  know 
whether  the  apparent  immunity  from  parasites  of  the  barracuda  and  other 
fish  is  oorrdated  in  any  way  with  the  digestive  ferments." 

In  his  later  paper  dealing  with  the  trematodes,  Linton  (1910)  notes 
the  examination  of  eight  barracudas,  in  every  one  of  which  he  found 
specimens  of  a  new  or  at  any  rate  undetennined  species  of  Oaster- 
astamum.  This  seems  to  have  been  the  only  parasitic  trematode  which 
he  found  in  the  barracuda. 

However,  an  Ascaris  has  been  found  by  linstow  (1906)  in  Sphyra- 
nura  barracuda  from  Tasmania.  linstow's  generic  name  is  presuma- 
bly a  misspelling  of  Sphyrcena.  Other  than  the  references  given,  no 
accounts  of  internal  parasites  of  the  barracuda  have  come  to  Ught. 
The  fish  seems  singularly  free  from  such  imwelcome  guests. 

We  now  turn  to  an  animal  which  in  the  past  has  been  considered  as 
an  ectoparasite  to  its  hosts,  the  barracuda  included.  I  have  among  my 
notes  gravely  worded  accounts  of  the  finding,  when  the  so-called  para- 
sites had  been  removed,  of  places  worn  in  the  skin  or  scales  of  the  host ; 
further  it  has  been  accused  of  living  on  the  blood  of  its  host  thus 
obtained  through  the  skin;  and,  most  preposterous  of  all,  one  account 
specifically  states  that  when  one  had  been  removed  from  the  bottom 
of  the  boat  to  which  it  had  adhered,  the  planking  was  foimd  to  be 
injured.  Reference  is  made  to  the  sucking-fish,  Echeneis  navcrales, 
for  small  forms  of  which  the  great  barracuda  sometimes  acts  as  host. 

On  July  4,  1914,  while  trolling  east  of  Loggerhead  Key,  the  writer 
took  a  barracuda  40.8  inches  long.  When  hauled  in  it  was  very 
active  and  called  for  strong  represdve  measures  before  it  was  quieted. 
When  the  nuUe  was  over  there  was  found  clinging  to  the  deck  the 
smallest  example  of  Echeneis  I  had  ever  seen.    This  fish  was  about 

4  inches  long  and  had  a  most  remarkable  tail,  pliunose  instead  of 
crescentHshaped.  It  was  carried  to  the  laboratory  and,  as  it  seemed 
sick  and  the  hour  was  late  in  the  afternoon,  it  was  put  into  an  aquarium 
to  be  studied  the  next  morning.  When  morning  came  it  was  gone  and 
no  trace  of  its  whereabouts  or  its  manner  of  going  was  ever  found. 
Some  two  years  later  I  was  greatly  interested  to  read  in  the  "  Memorias" 
of  the  Cuban  ichthyologist,  Poey  (1856-58),  the  following  description 
of  a  little  Echeneis  which  he  calls  '^E.  sphyrcenarum,  the  sucker  of  the 
Picudas.  '* 

''This  litUe  fish  has  never  been  found  up  to  the  present  time  save  only  on 
the  Sphynma  picuda.  It  hides  itself  among  its  hosts'  gills  and  escapes 
therefrom  when  the  large  fish  is  taken.  The  individual  which  I  describe  is 
75  mm.  long.  In  sixe  [depth?]  it  scarcely  exceeds  a  centimeter,  since  it  is 
shrunken  by  concentrated  alcohol  and  its  body  is  greatly  diminished.  One 
sees,  however,  that  its  structures  are  all  elongated?    The  eye  is  contained 

5  times  in  the  length  of  the  head.    The  disk  ends  towards  the  [anterior] 
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third  of  the  pectorals,  and  has  on  each  side  10  lamella  furnished  with  spines 
in  one  rank  alternately  long  and  short.  The  mouth  is  homodont:  the  teeth 
of  the  jaws  and  vomer  are  cardiform,  but  the  lower  jaw  shows  on  the  outside 
a  peculiar  character;  it  projects,  is  a  little  enlarged,  ends  squarely,  and  b^uis 
on  each  side  toward  the  point  an  external  row  of  five  hooks  (crochets),  strong, 
and  pointed,  remarkable  for  their  development.  Tl:^  pectorals  arise  near 
the  opercles,  and  between  their  points  and  the  origin  of  the  vertical  fins  the 
distance  is  equal  to  the  length  of  the  head.  The  unpaired  fins  are  opposite 
each  other  and  have  the  ordinary  form.  They  arise  at  an  equal  distance 
from  the  point  of  the  snout  and  the  end  of  the  tail,  the  point  not  being  con- 
sidered. This  point,  formed  of  the  two  middle  rays,  is  1}  times  as  long  as  t^ 
rest  of  the  caudal,  a  character  very  distinctive  of  this  sp^ecies.  The  dried 
condition  of  m^  specimen  forbids  a  count  of  the  rays.  The  color  is  a  very 
dark  blue  vergmg  on  black.  The  pectorals  are  white  except  at  their  bases. 
The  two  anterior  points  of  the  vertical  fins  are  white,  as  are  fJso  the  upper  and 
lower  edges  of  the  caudal  fin,  but  not  the  point  which  terminates  it." 

One  other  reference  may  be  cited  just  here:  Liitken,  writing  in  1878, 
speaks  of  an  Echeneis  lineataj  a  fish  identical  with  Poey's  E.  sphyrce- 
narumj  which  he  found  among  the  collections  in  the  museum  of  Copen- 
hagen. This  was  taken  in  the  South  Atlantic  from  a  Sphyrama 
harracuda.  Liitken  thinks  that  this  particular  Echeneis  is  to  be 
found  attached  only  to  the  sphyrsena. 

Mr.  Peter  B.  Roberts,  keeper  of  the  fish  market  at  Key  West,  Flor- 
ida, has  collected  for  me  a  considerable  number  of  small  specimens  of 
Echeneis,  ranging  from  about  4  to  7  or  8  inches  long.  I  wrote  him 
asking  from  what  fish  these  were  taken,  and  his  answer  was  "that  the 
sucker-fish  are  found  on  almost  every  fish  in  the  waters  around  here, 
but  the  greater  numbers  are  found  on  what  are  conmaonly  called  around 
here  the  amber-jack  and  the  black  grouper — that  is,  the  smaller  ones 
like  you  wanted  collected. '* 

I  then  wrote  him  that  a  certain  small  sucker-fish  was  thought  to  be 
found  only  on  the  big  barracuda  and  asked  for  information  on  this 
particular  point.  Now,  Mr.  Roberts,  by  virtue  of  his  position  at  Key 
West  and  his  long  experience  both  as  fisherman  and  distributor  of  fishes, 
has  an  exceedingly  wide  and  accurate  knowledge  of  the  fishes  of  that 
region.     He  writes: 

''In  answer  to  your  questions  I  would  like  to  state  that  the  fishermen  say 
that  there  is  only  one  kind  of  [striped]  sucker-fish,  and  that  the  small  ones 
are  not  a  distinct  kind  from  the  larger  ones,  but  as  they  grow  they  naturally 
cling  and  stick  to  the  larger  fish.  The  ones  found  on  the  barracuda  are  the 
same  as  those  found  on  other  fish,  the  larger  they  grow  the  larger  the  fish 
they  go  after.  ...  I  would  like  to  say  .  .  .  that  I  tlunk  that  they  are  all  the 
same  Idnd,  both  big  and  small,  simply  growing  through  the  different  stages  of 
life." 

After  the  receipt  of  this  letter  the  little  suckers  sent  me  by  Mr. 
Roberts  were  carefully  examined;  3  were  found  to  have  19  lamelke, 
9  to  have  20, 8  had  21, 6  were  supplied  with  22, 5  with  23, 1  with  24,  and 
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2  had  25.  The  smallest  had  pointed  tails,  i.  e.,  had  the  central  caudal 
rays  longest  and  all  had  tails  more  or  less  plumose  Uke  that  of  the  lost 
specimen  above  referred  to.  Presumably  some  of  these  were  taken 
from  barracudas.  According  to  Jordan  and  Evermann  they  fall  into 
the  species  E.  naucraies  (xxn  to  xxvni  lamelke),  or  to  E.  naucratoides 
(xx  to  XXI  lamellse) .  At  any  rate,  none  of  these  can  be  identical  with 
Poey's  E.  sphyrcmarum,  which  had  only  10  lamelke.  Gill  (1862),  in 
his  criticism  of  Poey's  identifications,  calls  this  fish  Phthiericklhys 
Uneatus,  the  striped  louse-fish.  Jordan  and  Evermann  (1898)  follow 
Gill,  and  note  that  this  Uttle  sucker-fish  is  found  attached  to  barra- 
cudas. This,  however,  is  probably  an  echo  of  Poey.  At  any  rate,  the 
point  as  to  whether  or  not  the  big  barracuda  is  the  sole  host  of  this 
particular  sucker-fish  is  worthy  of  further  investigation. 

USE  OF  THE  BARRACUDA  AS  FOOD  AND  POISONING  RESULTING 

THEREFROM. 

There  is  a  long-standing  prejudice  against  the  use  of  Sphyrcena  as 
food.  Salviani,  the  Roman  physician  and  student  of  fishes,  says  in  his 
book  pubUshed  at  Rome  in  1554,  that  ''At  Rome  they  are  justlyheld 
to  be  common  or  cheap  fish,  nor  do  they  have  any  proper  fashion  or 
mode  of  rendering  them  savory."  Cuvier  and  Valenciennes,  in  refer- 
ring to  Salviani's  statement,  say  that  other  writers,  presumably  con- 
temporary,  accord  it  a  comparison  with  the  haddock,  everywhere 
esteemed  as  food;  and  that  still  others  say  that  its  flesh  is  fight,  friable, 
and  of  good  flavor.  Rondelet  (1558)  hkewise  testifies  that  its  flesh  is 
white  and  pleasant  to  the  taste. 

With  regard  to  the  use  of  the  West  Indian  barracuda  as  food,  there 
is  likewise  a  widespread  and  long-standing  prejudice  based  on  centu- 
ries-old allegations  of  its  poisonous  quaUties.  This  is  such  an  interest- 
ing and  important  point  that  it  will  be  taken  up  in  detail  and  an  effort 
made  to  get  at  the  truth  and  its  explanation.  This  belief,  so  far  as  the 
writer  knows,  was  first  noted  by  Du  Tertre.  He  writ^j  as  early  as 
1667  that  the  flesh  is  like  that  of  the  pike,  but  dangerous  to  eat  since  it 
is  sometimes  poisonous.  He  then  tells  us  that  to  determine  whether 
it  IB  hurtful  it  is  necessary  to  examine  the  teeth  and  liver.  If  the  for- 
mer are  white  and  the  liver  sweet-tasting,  it  may  be  eaten  with  impu- 
nity;  but  if  the  teeth  are  black  or  the  Uver  bitter  or  harsh,  it "  ought  no 
more  be  eaten  than  arsenic. "  As  an  explanation  of  the  origin  of  the 
poison,  he  says  that  in  the  West  Indies  in  his  day  it  was  thought  to  be 
due  to  the  fact  that  the  fish  eats  the  fruits  of  the  very  poisonous  man- 
chineel  tree  which  have  fallen  in  the  water.  That  this  explanation 
has  persisted  we  will  see  later.  And  since  this  explanation  of  the 
poisonous  quaUty  of  the  flesh  of  the  barracuda  is  repeatedly  offered, 
the  f oUowing  interesting  corroboratory  note  seems  worth  giving. 
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Dampier  (1720)  in  his  first  voyage  to  Campeachy  landed  on  the  Isle 
of  Pines  on  the  south  side  of  Cuba  near  the  west  end.  Among  the 
animals  of  which  he  makes  mention  are  large  land  crabs.  Of  their 
he  says: 


"The  Manchaniel  Fruit,  which  neither  Bird  nor  Beast  will  taste,  is  greedily 
devoured  by  them,  without  doing  them  anv  harm.  Yet  these  veiy  cnbs 
that  feed  on  Manchaniel,  are  venomous  both  to  Man  and  Beast  that  feeds 
on  them,  though  the  others  are  very  good  Meat." 

There  is  now  to  be  quoted  an  accoimt  which,  because  no  certain  fish 
is  named,  may  seem  of  doubtful  relevancy,  but  which,  as  the  sequd 
will  show,  is  of  direct  value  to  the  matter  in  hand,  and  in  all  proba- 
bility relates  to  the  very  fish  under  consideralion.  In  the  Philosophi- 
cal Transactions  of  the  Royal  Society  for  1675  there  is  published  an 
extract  from  a  letter  of  one  Mr.  ''J.  L.^'  to  the  publisher  concerning 
poisonous  fish  in  the  Bahamas.    It  reads  as  follows: 

"The  Fish  that  are  here,  are  many  of  them  poysonous,  bringing  a  great 
pain  in  their  joynts  who  eat  them,  which  continues  for  some  short  time,  and 
at  last  with  two  or  three  davs  itching  the  pain  is  rubbed  off.  Those  of  the 
same  species,  sixe,  shapes,  colour,  and  taste  are  one  of  them  poyson,  the  other 
not  in  the  least  hurtful.  And  those  that  are,  are  so  only  to  some  of  the  com- 
pany. The  distemper  to  Men  never,  that  we  hear  of,  proves  mortal  Doggs 
and  Cats  sometimes  eat  their  last.  In  men  who  have  once  had  the  disease, 
upon  the  first  eating  of  the  fish,  thoi^h  it  be  those  that  are  wholesome,  the 
poisonous  ferment  in  their  body  is  revived  thereby,  and  their  pain  increased." 

There  is  another  account,  nearly  200  years  later,  from  the  pen  of  the 
English  surgeon,  Morton  (1868).  Commenting  on  the  great  variety  of 
fish  caught  at  Nassau,  he  adds : 

''  Some  of  these  fish,  at  certain  times  of  the  year,  are  very  unwholesome,  and, 
when  eaten,  give  rise  to  severe  purgings,  vomiting,  and  cramps.  During  our 
stay,  four  men  belonging  to  a  coasting  vessel  were  poisoned,  one  of  whom  died 
from  eating  part  of  a  large  barracouta,  which  they  had  cau^t.  This  fi^, 
when  large,  is  said  to  be  very  imsafe  food,  and  great  risk  is  run  in  eating  it. 
The  one  which  gave  rise  to  fatal  results  in  this  instance,  was  upwards  of  five 
feet  in  length.'^ 

Sir  Hans  Sloane  (1707),  in  volume  ii  of  his  "Natural  History  of 
Jamaica,'^  says  of  the  barracuda: 

''According  to  its  feeding  on  venemous  or  non-venemous  Food,  'tis  whole- 
some or  poysonous  to  those  who  eat  it;  'tis  also  noxious  in  some  SeSasons  of  tiie 
Year,  and  m  some  Places,  and  innocent  in  others,  I  suppose  according  to  its 
Nourishment,  by  which  now  and  then,  it  acquires  so  much  poison  as  to  kill 
immediately." 

However,  Dr.  Patrick  Browne  (1756)  says,  of  the  two  species  which 
he  found  in  Jamaican  waters,  that  ''they  are  both  firm  and  palatable 
fishes,  much  esteemed  by  many  people." 
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Dampier  (1729),  in  his  ^'Second  Voyage  to  Campeachy/'  thus  speaks 
of  the  edibility  of  the  barracuda : 

"They  are  firm  well-tasted  Fish;  but  'tis  dangerous  eating  them,  for  some 
Men  have  been  poisoned  with  them.  Divers  Persons  are  of  the  Opinion  that 
these  Creatures  are  poysonous  in  some  Places  only,  and  that  but  at  some  Times 
of  the  Year.  I  know  that  in  many  parts  of  the  West-Indies,  some  have  been 
injured  by  eating  them,  and  that  at  different  Seasons  of  the  Year;  ther^ore 
Seamen  commonly  taste  the  liver  before  they  venture  any  further;  and  if 
thai  has  a  biting  Taste  like  Pepper,  Uiey  esteem  the  Fbh  unwholesome,  but 
if  not  they  eat  it:  and  yet  I  found  even  this  Rule  to  fail  too.  I  judge  the  Head 
and  the  Parts  near  it,  to  be  chiefly  venemous." 

Labat  (1742)  discourses  at  length  upon  the  edibility  of  the  barra- 
cuda, whose  flesh  he  says  is  white,  firm,  rather  oily,  and  almost  of  the 
same  taste  as  that  of  the  pike,  but  at  times  is  poisonous.  He  offers  a 
very  interesting  explanation : 

"As  it  is  extremely  voracious,  it  eats  greedily  everything  which  it  finds 
within  and  on  the  water,  it  happens  very  often  that  it  encounters  Oaleres 
[sea-nettles,  medussB,  "Portuguese  Men  of  War"]  or  the  fruit  of  the  man- 
chined,  both  of  which  are  very  violent  and  caustic  poisons.  The  Becune 
does  not  die  because  it  has  eaten  them,  but  its  flesh  contracts  the  poison  and 
causes  death  in  those  who  eat  it  just  as  if  they  had  eaten  the  dangerous  fruit 
or  the  OaleresJ' 

To  tell  whether  the  flesh  is  good  or  dangerous,  Labat  would  inspect 
the  teeth.  If  they  are  black  it  is  dangerous ;  if  some  are  white  and  some 
black,  then  taste  the  liver.    If  it  is  bitter,  reject  the  fish. 

Catesby  (1754)  writing  of  the  Bahama  barracuda  gives  some  details 
not  found  in  any  earlier  writer.  He  evidently  wrote  of  large  specimens, 
for  he  says : 

"The  flesh  has  a  very  rank  and  disagreeable  favour  [flavour?]  both  to  the 
nose  and  palate,  and  is  frequently  poisonous,  causing  great  sickness,  vomiting, 
and  intolerable  pains  in  the  head,  with  loss  of  hair  and  nails;  yet  the  hungry 
Bahamians  frequently  repast  on  their  unwholesome  carcasses.'^ 

Fermin  (1769)  says  that  the  becune  has  firm,  white  flesh,  somewhat 
oily,  but  of  very  good  taste.  However,  it  is  not  to  be  eaten  save  after 
taking  the  precautions  noted  above.  He  explains  the  poisonous  prop- 
erties of  its  flesh  by  its  voracious  feeding  habits,  especially  by  its 
feeding  on  the  manchineel. 

In  1808  a  Dr.  Chisholm  published  an  article  on  the  poison  of  fish. 
His  observations  were  made  while  a  resident  of  the  island  of  Grenada, 
where  he  appears  to  have  practiced  medicine.  He  knew  of  and  prob- 
ably treated  cases  of  poisoning  restdting  from  eating  the  barracuda. 
He  says  that  the  fishermen  account  for  this  poison  by  alleging  that  the 
fish  are  poisonous  only  at  the  spawning  season  when  they  repair  to 
and  feed  upon  "sea-moss"  [which  Chisholm  identifies  as  CoraUina 
opuntia].    This  poisons  them  and  they  in  turn  poison  those  who  eat 
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it.    After  their  return  from  the  bankB,  the  poison  gradui^y  leaves 
them  and  they  become  wholesome  again. 

Chisholm  notes  that  copper  is  supposed  to  be  the  essential  basis  of 
this  poison,  but  adds  that  he  knows  of  ''no  facts  which  decidedly 
prove  this.''    As  to  the  value  of  salt  as  a  preventive  he  oays: 

"A  barracuda,  the  poisonous  quali^  of  which  was  proved  by  its  entrails 
killing  a  cat  which  had  ate  of  them,  bemg  cut  into  slices  or  junks,  and  sli^tly 
salted  or  corned,  was  rendered  perfectly  wholesome,  and,  as  usual  deUdous 
to  the  taste.  Instances  have  occurred,  however,  in  which  salt  has  not 
exhibited  its  counteracting  power." 

Moreau  de  Jonnes,  as  early  as  1819,  and  1821,  made  extensive  and 
intensive  studies  of  poisoning  resulting  from  eating  fishes,  the  barracuda 
among  others.  In  his  later  and  fuller  paper,  he  quotes  various  authors 
that  crabs  which  eat  the  fruit  of  the  manchineel  become  poisonous 
(thus  confirming  that  very  accurate  obser\^er,  William  Dampier),  while 
those  which  have  no  access  to  this  fruit  are  wholesome.  He  then 
takes  up  and  disposes  of  the  alleged  causes  of  the  poisonous  quality  of 
the  flesh  of  certain  fishes.  He  states  that  the  first  cause  commonly 
assigned  is  that  the  fishes  eat  poisonous  zoophytes.  This  he  rejects 
because  poisonous  fish  are  found  where  these  are  absent  and  whole- 
some fish  where  they  abound,  because  the  same  fish  where  these  abound 
are  not  poisonous  throughout  the  year,  and  lastly  because  he  fed  poi- 
sonous hydroids  of  all  kinds  to  fishes  and  then  fed  these  fishes  to  vari- 
ous animals  and  to  man  with  impunity.  The  second  reason  adduced  is 
that  the  fishes  are  poisoned  by  copper.  Moreau  de  Jonnes,  however, 
notes  that  copper  is  present  and  fishes  wholesome  on  the  English  co^t 
and  that  copper  is  absent  and  fishes  poisonous  in  the  West  Indies,  and 
finally  that  oysters  grow  on  the  copper  bottoms  of  vessels  and  have  been 
found  wholesome  when  eaten.  Then  he  takes  up  the  manchineel 
theory.  He  notes  that  no  one  has  ever  proved  that  fishes  eat  the  man- 
chineel fruit,  and  that  he  has  made  many  dissections  of  poisonous 
fishes  (barracudas  among  them)  without  ever  having  found  fragments 
of  the  manchineel  fruit  in  them.  He  thinks  that  the  eaters  would  be 
killed  by  the  eating,  and  that,  since  these  trees  abound  widely  on  sea- 
shores, there  should  be  many  more  poisonous  fish  and  crabs  than  there 
are.  Finally,  for  himself  he  concludes  that  poisoning  from  eating 
fishes  (barracudas  included)  is  due  to  the  fact  that  the  flesh  has  some 
inherent  poisonous  properties,  or  develops  such  morbid  qualities  as  a 
result  of  the  hot  climate.  While  our  author  gives  the  former  explana- 
tion his  very  strong  belief,  we  have  in  the  second  a  premonition  of  the 
ptomaine  theory. 

Another  physician,  William  Ferguson,  writing  some  years  later 
(1823),  declares  that  the  size  of  the  fish  has  nothing  to  do  with  its 
poisonous  qualities,  nor  does  the  use  of  salt  destroy  its  noxious  prop- 
erties.    Then  he  refers  to  a  report  from  a  physician  in  Martinique 
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concerning  a  family  which  had  been  poisoned  by  eating  a  barracuda 
which  had  lain  in  salt  24  hours. 

The  most  extensive  and  possibly  the  most  interesting  accoimt  of 
IK>isoning  by  the  barracuda  is  given  by  Cuvier  and  Valenciennes  (1829) 
in  their  treatment  of  Sphyrama  barracuda.  The  M.  PI^  quoted  seems 
to  have  been  a  French  naturalist  who  lived  in  the  West  Indies.  Appar- 
ently his  manuscript  was  sent  directly  to  Cuvier,  who  writes  in  the 
first  person: 

"All  that  has  been  reported  concerning  poisonous  fishes  of  warm  countries 
and  that  malady  called  Siguatera,  which  is  found  under  certain  circumstances, 
has  the  power  of  inspiring  curiosity  and  interest,  so  that  I  have  thought  I 
ought  to  insert  here  the  data  collected  by  M.  Pl^  on  the  barracuda,  just  as  I 
have  found  it  among  the  papers  of  that  unfortunate  naturalist. 

" '  Some  persons,'  said  he,  *  fear  to  eat  this  fish,  because  it  has  been  frequently 
proved  that  it  is  the  cause  of  illness  and  sometimes  of  death.  This  poisonous 
property  of  the  becune  is  present  very  certainly  in  a  particular  state  of  the 
individual  fish,  which  appears  to  show  itself  at  different  seasons  of  the  year. 

*' '  I  have  consulted  several  persons  with  regard  to  the  poison  of  the  becune 
and  all  have  assured  me  that  there  is  an  infallible  means  of  satisfying  one's 
self  when  one  comes  from  fishing  for  it  whether  or  not  it  is  poisonous.  He 
has  only  to  note  in  cutting  it  whether  or  not  there  runs  away  a  kind  of 
whitish  water,  or  rather  a  kind  of  sanie  [i,  e.,  serum  or  exudation],  which  in 
all  cases  is  a  sure  sign  that  the  becune  is  in  the  diseased  condition  of  which  I 
have  spoken  above.  D.  Arthur  O'Neill,  Marquis  del  Norte,  has  told  me  that 
he  has  often  made  experiments  on  dogs  and  that  all  these  have  confirmed  the 
sureness  of  this  means  of  safety. 

"'The  signs  of  poisoning  by  the  becime  are  a  general  trembling,  nausea, 
vomiting,  sharp  pains,  particularly  in  the  joints  of  the  arms  and  hands. 
Sometimes  these  symptoms  follow  each  other  so  rapidly  that  it  becomes 
extremely  difficult  to  determine  in  a  precise  fashion  the  different  stages  of 
this  deadly  affection. 

"  'K  death  does  not  put  an  end  to  this  malady,  as  happily  is  most  ordinarily 
the  case,  one  may  sometimes  see  how  the  vims  always  causes  certain  singular 
pathological  phenomena.  The  nails  of  the  hands  and  feet  gradually  die  and 
drop  off;  the  hairs,  which,  as  is  well  known,  are  of  the  same  nature  as  the  nails, 
finaJly  drop  out  also.  These  phenomena  have  been  noted  in  several  individ- 
uals to  have  continued  for  a  considerable  number  of  years.  One  case  may 
be  cited  in  which  this  experience  persisted  for  more  than  twenty-five  years. 

"'One  remarkable  fact  is  that  when  the  becune  has  been  salted  it  never 
causes  any  trouble.  At  St.  Croix  for  instance,  it  is  the  custom  not  to  eat  it 
until  the  day  following  the  one  on  which  it  was  salted.  May  it  not  be  that 
the  salt  is  an  antidote  for  the  poison  of  the  becune? ' " 

However,  M.  P16e  adds  in  honesty  that  which  spoils  an  apparently 
straightforward  piece  of  testimony  by  saying  that  he  has  never  seen 
a  case  of  barracuda  poisoning,  but  has  had  his  information  from  per- 
sons ''well  instructed  and  worthy  of  confidence." 

Widespread  is  the  beUef  that  this  reported  poisonous  affection  of  the 
flesh  is  due  to  the  fish's  feeding  on  substances  containing  copper,  as 
referred  to  in  Chisholm's  account.    Gosse  (1851)  refers  to  the  same 
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thing  when  he  says  that  ''the  colonists  bdieve  [that  it]  is  owing  to  its 
feeding  on  submerged  'copper-banks.'  " 

Poey  (1856-58)  writes  that  its  flesh  is  ^Lcelleat,  but  is  forbidden  to 
be  sold  in  the  markets  because  it  is  sometimes  dangerous,  and  gravely 
affects  the  health  of  those  who  eat  it  at  such  times.  Tlie  poisoning 
caused  by  fish  is  called  Ciguatera  and  the  best  antidote  for  it  is  the  juioe 
of  the  citron.  He  then  adds  that  such  poisonings  are  rare  but  serious 
when  they  do  happen,  especially  when  caused  by  eatang  the  picuda. 
Last  of  all  he  naively  concludes  that "  One  may  eat  it  with  full  security 
if  one  will  in  advance  try  it  on  a  cat.''  He  adds  that  it  is  the  beli^  of 
the  fishermen  that  the  fish  is  unsuitable  for  food  if  the  roots  of  its  teeth 
are  blackish,  but  that  he  has  no  first-hand  knowledge  of  the  matter. 

Dum^ril  (1867)  has  gone  very  thorou^y  into  the  matter  of  poisonr 
ing  from  eating  fishes.  He  quotes  a  Dr.  Court,  a  practitioner  on  the 
island  of  Trinidad,  that  the  smaller  barracuda  species  is  harmless,  as 
are  small  individuals  of  any  fish  held  to  be  pcHSonous.  The  great 
sphyrsena  is  often  very  poisonous.  In  addition  to  the  teeth-liver  tests, 
a  new  one  is  here  given : 

"When  a  silver  spoon  or  coin,  placed  in  the  vessel  in  which  the  fish  is  being 
cooked,  does  not  become  blackened,  the  flesh  may  be  eaten  without  fear." 

Dum^ril  takes  no  stock  in  the  copper-bed  theory,  but  does  suggest 
another  cause  for  the  poisoning.  A  Dr.  Guyon,  "sanitary  inspector 
of  troops  at  Martinique,"  conununicated  to  Dum^ril  some  considerable 
data  and:  "According  to  him  the  real  ca\ise  ia  a  conmiencement  of 
decay  in  the  flesh  of  the  fish"  [accompanied  by  a  giving  off  of  H^S  as 
shown  by  the  silver  coin  test  of  the  preceding  paragraph] ;  and  Dum^ 
adds:  "This  opinion  I  also  share."  Here  we  have  the  first  definite 
statement  for  our  fish  of  what  later  has  come  to  be  known  as  the  pto- 
maine theory  of  fish  poisoning. 

The  prejudice  against  this  fish  seems  to  exist  to^lay  throu^out  the 
West  Indies.  It  is,  however,  a  good  food-fish.  In  our  mess  at  the  sta- 
tion we  frequently  ate  S.  barracuda .  The  small  forms  18  to  20  inches  or 
thereabouts,  were  excellent.  Fish  No.  3  of  the  table  (page  58),  30.5 
inches  long,  was  pronounced  by  the  mess  to  have  a  good  flavor,  some- 
what like  that  of  a  floimder.  Larger  and  older  fish  are  likely  to  have 
coarse  flesh,  rather  oily,  and  a  somewhat  characteristic  odor.  Such 
were  used  only  for  shark  bait. 

Temminck  and  Schlegel  (1850)  say  that  Sphyrcena  obtusata  was  fished 
for  in  the  bay  of  Nagasaki,  Japan,  where  it  was  r^arded  as  a  delicious 
food  by  the  Japanese.  While  for  S.  guachanchoy  Guichenot  (1853) 
quotes  Ramon  de  la  Sagra  that  its  flesh  is  savory  and  excellent  for  the 
table,  and  unlike  that  of  the  becuna,  is  never  poisonous  and  hence  may 
be  eaten  without  danger  of  Ciguatera.  Day  (1865)  adds  similar  testi- 
mony for  the  Indian  form,  5.  jeUo,  when  he  says  that  it  is  sometimes 
eaten  by  Eim>peans  though  not  particularly  esteemed. 
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Biittikofer  (1890)  says  the  same  for  this  fish  m  Liberia. 

In  his  ''Introduction  to  the  study  of  fishes''  (1880) ^  Gunther  notes 
that  barracudas  are  commonly  used  as  food,  but  sometimes  (particu- 
lariy  in  the  West  Indies)  their  flesh  manifests  poisonous  qualities  due 
to  their  having  preyed  on  poisonous  fishes;  but  as  to  the  South  Seas 
form  (probably  S.  commersonii)  he  apparently  quotes  Andrew  Garrett 
(1877),  that  it  is  freely  eaten  and  highly  valued  as  a  food-fish. 

Saville-Kent  (1893),  writing  of  this  same  form,  afiBrms  that  in  eastern 
Australia  it  is  much  esteemed  as  a  food-fish.  Macgillivray  (1852) 
bears  similar  testimony  for  the  Australian  barracuda. 

BuUen  (1904)  says  that  he  has  eaten  the  barracuda  in  the  West 
Indies,  around  New  Zealand,  at  the  Cape  of  Good  Hope  and  else- 
where, and  has  always  found  it  a  palatable  food-fish.  It  seems  to  be 
especially  prized  for  this  piupose  in  Australia  and  New  Zealand.  In 
this,  Ward  (1907)  is  in  hearty  agreement.  The  California  species, 
it  may  be  noted  in  passing,  is  aJso  excellent  for  the  table. 

In  this  connection  Jordan  (1905,  ii,  p.  223)  notes  that  the  flesh  of 
larger  forms  is  often  difficult  of  digestion  and  when  eaten  frequently 
results  in  serious  illness.  Of  smaller  specimens  ''The  flesh  is  firm, 
delicate,  and  excellent  in  flavor."  In  the  first  voliune  of  the  same  work 
(A  guide  to  the  study  of  fishes),  Jordan  discusses  in  very  illuminating 
fashion  the  various  forms  of  poisoning  due  to  eating  fishes.  Quoting 
from  Dr.  Jacques  Pellegrin,  he  says: 

''The  flesh  of  fishes  soon  undergoes  decomposition  in  hot  climates.  The 
consumption  of  decayed  fish  may  produce  serious  disorders,  usually  with 
Qrmptoms  of  diarrhoea  or  eruptions  of  the  skin.  There  is  in  this  case  no 
q)ecifio  poison,  but  the  formation  of  leucomaines  [ptomaines?]  through  the 
influence  of  bacteria.  ...  It  is  especially  severe  in  certain  very  oily  fishes, 
as  •  .  .  [the  barracuda).  The  flesh  of  these  and  other  fishes  occasionallv 
produces  sunilar  disorders  through  mere  indigestion.  In  this  case  the  flesn 
undergoes  decay  in  the  stomach." 

I  have  not  been  able  to  find  Pellegrin's  paper  (Les  Poissons  V6n6neux, 
Paris,  1899),  but  the  abstract  of  it  in  "Revue  Scientifique''  for  the 
following  year  contains  for  the  barracudas  the  mere  statement  that  the 
poisonous  qualities  of  the  flesh  of  these  fish  have  an  origin  very  diffi- 
cult to  establish. 

In  a  recent  bulletin  of  the  New  York  Zoological  Society  (Nov.  1916) 
Mr.  L.  L.  Mowbray  examines  with  some  care  the  matter  of  fish  poison- 
ing, which  he  calls  "  Ichthyotoxismus."  Mr.  Mowbray  is  an  experi- 
enced collector  of  fishes  for  the  New  York  Aquarium  and  has  operated 
for  many  years  in  the  Bermudas,  Bahamas,  and  Florida  Keys,  partic- 
ulariy  around  Key  West.  He  has  studied  at  some  length  in  all  three 
localilies  the  question  of  poisoning  following  the  eating  of  fishes,  par- 
ticulariy  the  barracuda,  and  has  come  to  the  conclusion  that  it  is  simply 
ptomaine  poisoning.    Mr.  Mowbray's  data  are  so  definite,  so  much  to 
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the  point,  and  tally  in  so  many  points  with  the  reports  quoted  above, 
that  it  will  help  clear  up  the  matter  to  quote  him  in  full.    He  writes: 

''While  in  the  Turk's  Islands  I  questioned  many  fishermen  oonoeming  the 
fishes  that  were  poisonous,  the  effects  of  the  pdson,  and  at  what  seasons  the 
fish  were  most  dangerous.  Without  exception  their  reports  taUied.  All 
agreed  that  there  were  two  forms  of  the  disease;  that  the  fish  from  the  north 
side  of  the  Islands  were  the  most  dangerous,  those  from  the  south  side  not 
being  so  likely  to  prove  poisonous.  This  seems  incredible,  as  the  island  <tf 
Grand  Tiu'k,  most  densely  populated  of  this  group  of  islands,  is  only  1.5  miles 
wide  by  6  miles  long,  and  Ues  in  the  trade  winds  and  the  Bahama  Current, 
which  move  all  surface  food  at  a  considerable  rate  to  the  westward.  I  con- 
sulted Dr.  Geogaghan,  then  the  medical  oflScer  of  the  colony,  who  kindly 
^ve  me  a  description  of  the  symptoms,  which  he  had  personally  experienced 
m  both  forms  of  the  disease.    Dr.  Geogaghan  said: 

^^'To  my  knowledge  the  common  poisonous  fish  are  barracuda,  jack,  and 
muletto  kingfish.  In  certain  places,  for  some  reason  or  other,  the  biuracuda 
is  more  likely  to  be  poisonous  than  if  caught  elsewhere.  There  are  two 
distinct  kinds  of  poisoning  from  these  fishes.  The  ordinary  type  is  similar 
to  ptomaine,  being  in  the  nature  of  a  simple  gastro-enteritis  of  an  irritative 
sort.  It  is  characterized  by  acute  spasmodic  pain  in  the  stomach,  diarrhea, 
and  vomiting,  coming  on  from  10  to  20  hours  after  eating  the  fish,  and  sub- 
siding readily  under  treatment.  There  is  occasionally  headache,  usually 
fever  (101°  to  102*^  F.)  and  a  rapid  pulse  (90  to  100).  Generally  speaking, 
it  is  an  acute  gastro-enteritis. 

**  The  other  form  is  in  the  nature  of  a  toxemia.  I  have  never  seen  a  case 
following  on  the  eating  of  jack,  but  can  not  be  certain  on  this  point.  The 
symptoms  are  slow  to  subside,  sometimes  lasting  for  months.  It  starts 
from  2  to  6  days  after  eating  the  fish,  very  seldom  less  than  2,  and  usually 
3  or  4.  There  is  repeated  pain  of  a  dull  resistant  type  over  the  region  of  the 
pancreas;  constipation;  slow  aching  pains  in  the  joints,  especially  in  the  knees 
and  back,  without  any  physical  signs;  pain  behind  the  eyes  and  headache, 
acute  irritation  of  the  bladder  with  frequent  burning  and  tickling  sensation. 

**  *The  joint  pains  are  called  ** bone-pains"  here,  and  are  similar  to  the  pains 
of  influenza,  though  more  particularly  associated  with  the  joints.  There  is 
an  intense  feeling  of  lassitude  and  debility,  and  subnormal  temperature. 

"  ^Naturaio"  c/mica  cases  vary  in  severity.  Occasionally  the  two  forms  of 
poisoning  are  combined,  one  following  the  other.  I  look  on  the  first  as  a  simple 
irritative  disturbance  of  the  intestine  which  throws  off  the  irritant  in  the  usual 
way.  The  second  is  a  real  poisoning  of  the  system.  I  have  had  both  myself 
and  it  was  many  months  before  I  was  rid  of  the  joint-pains  of  the  second.' 

"The  Turk  Island  species  described  herein  are  also  among  the  principal 
food-fishes  of  Key  West  and  the  Bermudas,  excepting  the  kingfish,  which  is 
seldom  taken  at  Bermuda,  and  poisoning  is  unknown  in  these  localities. 

"After  observing  the  conditions  and  the  manner  in  which  the  fish  are  han- 
dled, I  have  reached  the  conclusion  that  the  reason  they  are  poisonous  in  one 
region  and  not  in  another,  is  that  in  Bermuda  and  Key  West  a' most  all 
fishing  boats  have  Uve-wells,  and  therefore  usually  bring  their  fish  to  market 
alive,  while  in  the  Turk  Islands  and  Bahamas  the  fish  are  killed  and  allowed 
to  remain  in  the  sun  until  the  shore  is  reached — sometimes  5  or  6  hours  after 
they  are  caught. 

"All  of  the  fishes  considered  poisonous  are  of  soft  flesh  and  rich  in  gastric 
juices,  and  are  therefore  the  most  likely  to  decay  quickly;  and,  when  eaten 
in  a  partially  decayed  condition  cause  ptomaine  poisoning.    Nattu^ally  some 
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are  more  poisonous  than  others.  Those  caught  in  the  mornings  are  exposed 
to  the  sun's  rays  much  longer,  and  are  therefore  much  more  decomposed. 

"The  fishes,  when  examined  externally  and  internally,  appeared  to  be  in 
the  finest  condition  when  caught,  and  I  could  detect  no  difference  between 
them  and  those  of  Bermuda  or  Key  West.  I  have  seen  specimens  at  Grand 
Turk  Island  with  the  scales  standing  almost  on  edge  through  the  decom- 
I)08ing  of  the  flesh,  which,  forming  gases,  expanded  the  fish.  These  fish  are 
frequently  sold  from  house  to  house,  though  caught  the  day  before  and  in  a 
hall-putrid  condition.  It  is  probable  that  if,  when  caught,  the  fish  were 
eviscerated  and  bled,  a  case  of  poisoning  would  be  a  rarity. 

"An  interesting  antidote  for  fish  poisoning  is  used  by  the  natives.  When 
a  fish  has  been  eaten  that  is  suspected  to  have  been  poisonous,  the  bones  are 
saved  for  24  hours,  within  which  time,  if  at  all,  symptoms  should  appear. 
On  the  first  indication  of  trouble,  the  bones  are  roasted,  pulverized,  and  made 
into  tea  for  the  patient.  Belief  in  the  efficacy  of  this  treatment  is  implicit, 
provided  the  bones  of  the  right  fish  have  been  used." 

In  order  to  get  at  present-day  notions  at  Key  West,  I  again  called 
on  Mr.  Peter  Roberts  for  information  and  he  very  kindly  wrote  me  as 
follows : 

"As  to  the  barracudas,  it  is  not  a  certain  time  of  the  year  that  they  are 
poisonous,  but  it  is  those  of  a  certain  kind  that  are  poisonous.  The  only 
barracudas  eaten  around  here  are  the  ones  caught  along  the  shore  and  in 
shallow  water.  The  barracudas  that  are  poisonous  are  the  ones  that  are 
caught  in  the  Gulf  Stream,  and  the  people  around  here  are  very  careful  not 
to  eat  any  of  them.  They  are  of  a  distinct  kind,  known  as  the  'Blue  Backs/ 
and  can  be  readily  distinguished  from  the  non-poisonous  kind." 

In  this  connection  it  is  of  interest  to  note  that  the  beautiful  colored 
figure  of  Sphyrama  barracuda  in  Cuvier  and  Valenciennes  (reproduced 
herein  as  figure  18,  plate  v)  (1829)  is  yellow  on  the  sides  below  the 
lateral  line  and  on  the  fins  and  tail,  while  the  back  is  a  beautiful  bltLe, 
the  blue  of  the  deep  blue  sky,  almost  as  blue  as  deep  sea-water.  Fur- 
thermore my  notes  record  that  specimen  No.  10  of  the  table,  on  page  58, 
had  a  blue  sheen  on  the  dorsum  in  certain  lights. 

Captain  W.  L.  Wilson,  previously  referred  to  as  one  of  our  boatmen 
at  Tortugas,  was  bom  and  reared  in  the  Bahamas.  I  wrote  to  him  at 
Nassau  about  this  matter  and  he  replied: 

"The  old  and  large  barracudas  are,  as  a  rule,  poisonous.  I  have  never 
known  or  heard  of  one  under  3  feet  being  poisonous.  After  the  fish  are 
cooked  you  can  tell  if  they  are  poisonous  by  taking  a  piece  of  the  cooked  fish 
and  breaking  it  apart.  If  you  find  very  small  dark  veins  the  fish  is  all  right, 
but  if  there  are  no  dark  veins  found  it  is  poisonous." 

The  latest  information  on  barracuda  poisoning  is  from  the  pen  of 
Stephen  Haweis  (1917)  in  his  book  on  the  sea  gardens  of  Nassau, 
Bahamas.  It  seems  to  be  solidly  a  quotation  from  the  distinguished 
English  ichthyologist,  C.  Tate  Regan,  the  original  of  which  I  have  been 
imable  to  locate.    This  statement  is  as  follows. 
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"The  faurgest  of  Uwie  wp^dm  (Spkiffwma  barroemda  or  jriaM)  is  a  Talmible 
f ood^rii,  bot  It  has  long  been  known  that  indhridnal  speamene  ma j  be  poieon- 
cue,  caoging  eevere  JDneaB  and  even  death.  There  is  evidently  something  more 
in  this  than  ptomaine  poisoning  doe  to  eating  firii  that  is  notfredi  and  the 
probability  is  that  the  poisoooos  qaahty  of  the  flesh  is  not  directly  eaassd 
by  the  barracuda  feedmg  in  certain  places  or  on  anaUer  poisonous  fish. 
It  seems  more  likely  that  banracuda  are  poisonous  whoi  suffering  from  an 
infectious  disease.  Fife  has  stated  that  whoi  barracuda  are  poisonous  this 
can  be  recognised  by  a  thin  white  fluid  running  out  of  the  flesh  when  it  0  cut, 
whilst  Poey  says  that  the  poisonous  barracuda  have  the  teeth  bladdsh  at  the 
roots.  Howevo*,  no  real  investigation  of  the  matter  on  scientific  lines  has 
been  made,  and  it  is  quite  likdy  tnat  were  such  investigation  made,  the  cause 
might  prove  to  be  qmte  diffo^nt  from  whsA  has  been  supposed/' 

None  of  the  encyclopedias,  not  even  the  eleventh  edition  of  the 
Britannica,  contains  the  word  ''ciguat^u."  Parra  (17S7)  has  a  short 
chapt^  bearing  the  heading  ''Ciguatera."  This  has  been  carefully 
translated  for  me,  but  nowhere  does  it  contain  any  reference  to  the 
barracuda.  Parra  gives  at  some  length  and  in  very  dear  and  minute 
detail  an  instance  of  ciguatera  poisoning  of  himself  and  his  family .  Tliis 
agrees  in  general  with  the  accounts  given  above.  He  refers  to  Uie 
manchineel  theory,  but  thinks  it  of  no  value  since  in  certain  i>arts  of 
the  West  Indies  where  these  trees  abound  the  disease  is  wholly  absent. 
He  confesses  himself  entirely  in  the  dark  as  to  the  cause  and  also  the 
best  treatment,  lemon  juice  being  the  thing  which  affords  some  and 
possibly  the  most  relief. 

We  have  here  some  exceedingly  interesting  accounts  of  barracuda 
poisoning  and  some  equally  interesting  if  divergent  theories  in  expla- 
nation. The  present  writer  having  had  no  personal  experience  or 
observation  of  it  can  not  express  any  personal  opinion.  The  flesh  of  the 
larger  fish  is  coarse  and  oily  and  has  neither  appetizing  appearance  nor 
odor.  Such  flesh  might  well  be  provocative  of  gastric  disturbances  if 
eaten.  With  us  at  Tortugas  such  was  used  only  for  shark  bait. 
Again  it  is  quite  possible  that  certain  species  might  be  poisonous  on 
account  of  their  feeding  habits,  and  an  even  more  plausible  supposition 
is  that  these  fish  may  be  poisonous  at  certara  seasons  only  of  the  year. 
As  for  the  first  it  is  well  known  that  certain  species  in  a  group  are 
poisonous  while  others  are  not.  This  finds  explanation  in  the  fact 
that  certain  poisonous  alkaloids  are  found  concentrated  in  some  organ. 
These  are  most  apt  to  be  foimd  in  the  ovary,  and  are  most  abimdant 
and  dangerous  at  the  breeding  season. 

In  the  second  place,  it  might  well  be  that  the  barracuda,  being  a 
piscivore,  might  feed  at  certain  seasons  of  the  year  on  fishes  which  at 
that  time  were  poisonous,  and  thus  itself  become  poisonous.  This 
might  also  lead  to  its  being  poisonous  in  certain  localities  only. 

However,  whatever  other  causes  may  give  rise  to  barracuda  poison- 
ing, there  can  be  no  doubt  that  decompoation  products,  ptomaines. 
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formed  by  the  action  of  saprophytic  bacteria,  must  be  reckoned  with. 
These  bacteria,  as  Fischel  (1892)  states,  might  be  present  in  the  flesh 
or  blood,  as  such  or  as  spores,  or  might  get  into  the  flesh  throng  wounds 
and  bruises,  or  by  the  intake  of  infected  food.  However  this  may  be, 
fish  (esp^ially  such  as  have  oily  flesh  like  the  barracuda)  ''go  bad'' 
quickly  under  the  tropical  sun  and  when  eaten  in  such  condition 
would  give  rise  to  ptomaine  poisoning. 

SIZE. 

The  big  barracuda  justifies  its  colloquial  name  by  growing  to  great 
size.  My  largest  specimen  was  4  feet  7  inches  long  and  weighed  38 
poimds.  This  is  the  largest  specimen  recorded  from  the  lagoon  at 
Tortugas.  However,  one  day  I  saw,  imder  the  wharf-house  at  Garden 
Key,  a  specimen  that  looked  to  be  fully  5  feet  long.  As  the  Velella 
pulled  out,  I  threw  my ' '  spoon  *'  overboard,  knowing  that  the  fish  would 
probably  follow  the  boat,  and  hoping  to  get  a  strike.  My  hopes  were 
realized,  for  before  we  had  gone  a  hundred  yards  I  had  a  strike  which 
in  10  seconds  left  me  with  only  a  hundred  feet  of  line  and  a  groove 
burned  in  my  right  fore-finger  just  the  size  and  depth  of  the  line. 
The  fish,  with  the  spoon  and  remainder  of  the  Ime,  was  not  seen  again. 

Vincent,  in  his  interesting,  "Sea  fish  of  Trinidad*'  (1910)  speaks  of 
somewhat  similar  experiences  with  blistered  hands  while  trolling  for 
what  he  calls  the  "pirate  of  the  seas."  But  this  is  not  imexpected 
when  we  read  that  his  largest  specimen  measured  8.5  feet. 

At  Miami,  Florida,  on  visiting  a  local  taxidermist's  shop,  I  found 
its  walls  almost  lined  with  the  mounted  skins  of  big  fellows  4  to  6  feet 
in  length.  These  were  taken  on  the  Florida  Reef  some  6  or  8  miles 
away.  Jordan  and  Evermann  assign  6  feet  as  the  average  mAiHTTniTn 
size  for  the  West  Indian  specimens,  and  this  is  corroborated  by  Hen- 
derson (1912),  while  Poey  (1856)  states  that  the  Havana  fishermen  say 
that  it  sometimes  attains  a  weight  of  "fifty  livres"  which  would  indi- 
cate a  length  of  over  6  feet.  As  noted  above.  Holder  has  had  wide 
experience  with  these  fish  and  he  states  (1903)  that  he  has  taken  them 
in  the  Florida  Keys  between  6  and  7  feet  long  and  weighing  60  to  70 
pounds.  However,  he  adds  that  he  has  heard  of  specimens  even  larger 
than  these. 

One  of  the  older  writers  on  the  natural  history  of  the  Antilles,  Roche- 
fort  (1665),  gives  the  length  of  the  barracuda  as  from  6  to  8  feet  with 
a  girth  in  proportion.  Du  Tertre  (1667)  quotes  Rochefort  with  ap- 
proval, but  gives  no  figures  of  his  own.  Sloane  (1707)  had  only  small 
specimens,  but  indicates  that  it  grew  to  a  large  size.  Labat  (1742), 
however,  makes  up  for  any  deficiencies  by  declaring  that  "They 
have  been  seen  in  this  river  [Gallion]  18  to  20  feet  long  and  of  the  size 
of  a  horse. "  His  statement,  however,  must  be  taken  cum  grano  salts. 
Catesby  (1754),  speaking  of  Bahama  fish,  is  more  moderate,  though  his 
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figures  come  close  to  Labat's:  ''This  fish  grows  to  a  large  size;  some  of 
them  I  have  seen  10  feet  in  length,  and  some  I  was  told  are  much  larger; 
thou^  the  more  conunon  length  is  that  of  about  6  or  8  feet. ''  How- 
ever, for  present-day  Bahama  fish,  Captain  Wilson,  who  has  seen  hun- 
dreds, writes  methat  the  largest  measured  6.5feet.  But,  Fermin  (1769), 
writing  a  few  years  after  Catesby,  says  that  along  the  coasts  of  Surinam 
they  were  occasionally  taken  approximately  15  feet  in  length.  These 
were  certainly  giants. 

A  photograph  was  made  of  the  55-inch  specimen  (38  pounds),  but 
the  photographer  in  developing  the  plate  unfortunately  broke  it. 
Figure  1,  plate  i,  is  a  photograph  of  a  medium  specimen  which,  how- 
ever, contrasts  well  in  size  with  the  11-year-old  boy  standing  be- 
side it.  These  fish,  however,  were  small  compared  to  the  one  figured 
by  Wood-Jones.  (See  figure  2,  plate  i,  of  this  paper.)  Saville- 
Kent  (1893)  does  not  portray  the  Australian  form,  but  notes  that  it 
sometimes  attains  a  weight  of  50  poimds,  from  which  one  may  judge 
that  such  would  be  between  6  and  7  feet  long.  GtUither  (1877)  quotes 
Andrew  Garrett  that  the  Polynesian  form  (probably  S.  commersonit) 
grows  to  8  feet  in  length  and  40  pounds  in  weight.  This  must  be  a 
very  slender  fish,  as  is  the  California  S.  argentea  (maximum  length  5 
feet).  However,  the  form  found  on  the  west  coast  of  Africa  grows 
larger.  Biittikofer  measured  a  S.  jello,  caught  in  the  mouth  of  Cape 
Mount  River,  Liberia,  which  was  10  feet  long. 

However  much  the  authorities  may  vary  in  their  estimates  of  the  size 
of  the  barracuda,  all  agree  that  that  size  is  greats  thou^  it  does  not 
have  the  bulk  of  the  jewfish  nor  that  of  some  of  the  great  groupers,  and 
when  along  with  its  size  consideration  is  given  to  its  remarkable 
swiftness  and  its  implacable  temper,  it  must  be  acknowledged  (the 
sharks  alone  possibly  excepted)  as  the  real  ruler  of  the  Gulf- 
Caribbean  waters. 

THE  BARRACUDA  DANGEROUS  TO  MAN. 

All  the  various  recitals  above  will  lead  the  reader  to  ask  if  this  fish 
is  not  dangerous  to  man.  The  answer  is  that  in  southern  Florida  it  is 
more  feared  than  the  shark.  If  the  reader  will  now  turn  to  figures  7, 
8, 9,  and  10,  plate  iii,  showing  the  teeth,  and  to  pages  62  and  63,  on 
which  the  formidable  dental  armature  of  this  fish  is  described,  he  will 
find  abimdant  reason  for  the  dread  generally  had  for  this  ferocious  fish. 
But  he  needs  to  be  informed  of  the  utter  fearlessness  of  the  fish,  of  its 
ferocity,  and  of  its  insatiable  curiosity. 

The  ordinary  shark  is  usually  an  arrant  coward.  If  a  shark  is 
'' hanging  around^'  a  boat  or  wharf,  and  a  man  falls  overboard  or  any 
large  object  is  thrown  overboard,  generally  that  shark  will  depart  in 
a  panic.  One  day,  when  we  were  cruising  aroimd  off  the  municipal 
slaughter-house  at  Key  West,  where  there  were  some  half  dozen  10- 
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foot  tiger  sharks  (Galeocerdo  tigririus)  swimming  around  just  out  of 
harpooning  distance,  I  questioned  one  of  the  most  experienced  of  Key 
West  fishermen  (then  in  my  employ)  as  to  the  danger  of  falling  over- 
board in  such  a  locality.  He  replied  that  there  was  practically  none, 
and  when,  to  draw  him  out,  I  professed  to  disbelieve  him  he  coolly 
offered  to  prove  the  matter  by  jimiping  overboard  on  one  of  the  sharks 
if  I  would  steer  him  up  close  enough.  So  confident  was  I  of  the 
accuracy  of  his  statements  that,  had  the  sharks  not  been  wanted  for 
specimens,  I  would  have  taken  him  at  his  word.  Similarly  the  pad- 
dling and  splashing  of  a  number  of  swimmers  will  ordinarily  drive  oflf 
any  shark.  It  must,  however,  be  borne  in  mind  that  I  am  speaking 
of  my  experience  and  observations  at  Beaufort,  North  Carolina,  and  in 
southern  Florida  only.  For  an  incident  illustrative  of  this  character 
of  shark  at  Beaufort,  see  the  account  given  by  the  present  writer  in 
1912.  But  it  is  not  thus  with  the  big  barracuda.  He  is  inquisitive, 
utterly  fearless,  and  seemingly  of  implacable  temper.  The  Key  West 
fishermen  dread  this  fish  much  more  than  they  do  the  ordinary  shark. 
The  whole  matter  was  admirably  put  250  years  ago  by  the  Sieur  de 
Rochefort  (1665)  in  his  "Natural  history  of  the  Antilles" : 

"Among  the  monsters  greedy  and  desirous  of  human  flesh,  which  are  found 
on  the  coasts  of  the  islands,  the  Becune  is  one  of  the  most  formidable.  It  is 
a  fish  which  has  the  figure  of  a  pike,  and  which  grows  to  six  or  eight  feet  in 
length  and  has  a  girth  in  proportion.  When  it  has  perceived  its  prey,  it 
launches  itself  in  fury,  like  a  blood-thirsty  dog,  at  the  men  whom  it  has  per- 
ceived in  the  water.  Furthermore  it  is  able  to  cany  away  a  part  of  that  which 
it  has  been  able  to  catch,  and  its  teeth  have  so  much  venom  that  its  smallest 
bite  becomes  mortal  if  one  does  not  have  recourse  at  that  very  instant  to 
some  powerful  remedy  in  order  to  abate  and  turn  aside  the  force  of  this 
poison." 

One  of  the  points  above  noted  is  expressly  corroborated  by  Fermin 
(1769),  who  says  in  so  many  words  that  with  ite  long  trenchant  teeth 
it  is  able  to  cut  clear  through  and  carry  oflf  anything  which  it  encoun- 
ters in  swimming — a  statement  which  may  well  be  beUeved. 

The  other  points  in  Rochefort's  accounts  are  confirmed  by  Du 
Tertre  (1667),  who  tells  us  that: 

"This  fish  [which  grows  to  a  length  of  8  feet]  is  greedy,  blood-thirsty,  bold, 
and  is  more  dangerous  than  the  Requiem  [shark]  .  .  .  ,  because  besides 
the  fact  that  it  can  bite  more  easily,  it  is  not  startled  by  any  noise  any  more 
than  by  the  movements  which  may  be  made  in  the  water.  On  the  other  hand, 
in  order  to  investigate  these,  it  launches  itself  at  the  persons  [making  these 
movements]  in  order  to  devour  them." 

Sir  Hans  Sloane  (1707)  gives  some  particulars  of  especial  interest 
when  taken  in  connection  with  other  accounts  to  follow  later: 

''  It  is  very  voracious,  and  feeds  on  Blacks,  Dog?,  and  Horses,  rather  than 
on  White  men,  when  they  can  come  at  them  in  the  water." 
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This  is  conciirred  in  by  that  keen  obeerver,  \^^lliam  Danqn^.  In 
his  ''Two  voyages  to  Campeachy/'  which  i^peared  in  sixth  edition  in 
1729,  he  says  of  ''  Panicootas/'  ^diich  he  describes  as  long  fish,  having 
round  bodies,  and  long  mouths  with  sharp  teeth,  that: 

''They  c(Mnmonly  haunt  in  Lagunes  anuHig  Islands,  or  in  the  Sea  near  the 
Shore.  They  are  a  floating  Fish,  and  greedily  take  the  HocdL,  and  wiQ  snap 
at  Men  too  in  the  Water." 

To  Pere  Labat  (1742),  of  the  18  or  20-foot  barracudas,  we  owe  some 
interesting  data  and  even  more  interesting  conjectures.  On  the 
question  of  its  danger  to  man  he  writes: 

"As  it  is  not  obliged  to  turn  on  its  side  like  the  shark  wh^i  it  wishes  to 
bite,  it  is  infinitely  more  dangerous.  Our  savages,  who  attack  and  kill 
Requins  [sharks]  and  Pantoufliers  [hammerhead  shariu]  with  knives,  do  not 
dare  to  run  that  risk  with  Becunes,  because,  moving  with  such  eztra^dinary 
fl^eed,  they  carry  away  an  arm,  a  leg,  or  a  head  as  if  they  had  been  cut  off 
with  a  blow  of  a  sabre.  It  has  happened  several  times  that  h<HBes  and  otiier 
animals  crossing  [the  river  Gallion]  by  swimming  have  had  their  legs  cut 
o£F  or  half  their  bellies  carried  away." 

Going  further  into  the  matter,  he  writes: 

"  One  is  assured  by  many  experiences  that  voracious  fishes  like  the  Bequin, 
the  Pantouflier  or  Zygsena,  and  the  Becune  attack  more  often  a  dog  or  a 
horse  rather  than  a  man,  and  a  negro  rather  than  a  white  man,  when  by 
reason  of  the  overturning  of  a  boat  or  canoe  they  find  these  different  species, 
of  animals  in  the  sea.  I  leave  it  to  the  curious  to  seek  the  reason,  it  suffices 
that  that  which  I  report  is  a  veritable  fact  and  testified  to  by  those  who  have 
accurate  knowledge  of  America  and  of  other  regions  where  these  carnivorous 
fishes  are  found.  My  notion  is  that  the  bodies  of  dogs  and  horses  give  off 
'corpuscles'  which  strike  the  fishes  more  strongly  and  attract  them  longer. 
Just  as  we  see  that  wolves,  crows,  and  even  dogs  more  often  come  to  carrion 
or  to  a  body  in  which  corruption  has  b^un,  rather  than  to  a  body  which 
has  recently  been  deprived  of  life.  To  my  mind  also  not  only  are  'corpuscles' 
exhaled  by  them  in  large  quantities  but  also  they  extend  farther  and  strike 
more  strongly  the  organs  of  those  animals." 

This  recalls  and  substantiates  what  Sloane  has  written  on  the  same 
subject  (see  page  95).    But  Labat  further  says: 

"  But  a  thing  rather  surprising,  yet  one  which  is  however  of  public  notoriety, 
is  that  these  same  fish  more  often  attack  an  Englishman  thioi  a  Frenchman, 
when  they  find  them  both  together  in  the  water.  It  may  be  that  the  En^ish* 
man  has  pores  more  open  than  the  Frenchmen,  and  as  a  necessary  consequence 
he  will  exhale  more  corpuscles  proper  to  strike  the  organs  of  these  fishes  and 
hence  attract  them." 

Labat  next  goes  on  to  argue  at  some  length  that  there  is  a  difference 
in  the  "corpuscles"  given  off  by  members  of  two  nations  because  of  a 
difference  in  their  foods  and  in  their  physical  habit  of  body:  that  the 
Englishman,  being  a  heavy  eater  of  meats  and  of  a  hearty  rugged  habit 
of  body  C*beefy"),  all  in  marked  contrast  with  the  more  delicate- 
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bodied  and  daintier-feecfing  Frenchman,  will  ''produce  an  exhalation 
of  corpuscles  whose  odor  is  more  penetrating,  which  scatter  farther, 
and  which  strike  more  on  the  organs  of  these  animals/'  This  con- 
duaon  he  backs  up  by  quoting  the  cannibal  Caribs  that  the  flesh  of 
an  Englishman  is  more  appetising  than  that  of  a  Frenchman.  He 
also  declares  that  the  Carib  trackers  can  follow  an  Finglishman  or  a 
negro  through  the  forests  more  easily  than  a  Frenchman  by  simply 
smdling  of  their  tracks,  and  by  the  odor  can  distinguish  the  nation  of 
the  track-maker.  Then  he  argues  that  if  this  is  so  for  men,  why 
should  it  not  hold  also  for  the  fishes. 

Just  what  to  make  of  this  the  present  writer  does  not  know.  The 
whole  matter  depends  on  the  strength  of  the  sense  of  smell  in  fishes. 
ThiSy  in  sharks  at  any  rate,  is  quite  acute.  By  pouring  blood  or  by 
hanging  overboard  a  carcass  (the  more  decomposed  the  better)  sharks 
may  be  readily  enticed  up  current  or  up  tide.  This  the  present  writer 
has  done  (1912).  The  odor  from  the  negro  is  very  offensive  to  the 
white  man,  and  I  have  been  told  that  to  the  Chinaman  the  odor  of  the 
white  man  is  just  as  distasteful.  As  Labat  says  at  the  close  of  his 
discourse,  each  must  be  left  free  to  make  up  his  own  mind  as  to  the 
value  of  this  conjecture. 

Catesby's  remarks  (1754)  on  the  danger  to  bathers  of  this  fish  are 
bri^  but  to  the  point.  '^  It  is  a  swift-swimming  and  very  voracious 
fish,  preying  on  most  others;  and  some  of  the  largest  size  have  fre- 
quently attacked  and  devoured  men  as  they  were  washing  in  the  sea.'' 
While  Brown  (1756),  without  specifically  saying  so,  indicates  his 
knowledge  of  similar  habits  on  the  part  of  the  Jamaican  fish. 

Bullen  (1904)  quotes  the  apocryphal  stories  current  throughout 
the  West  Indies  as  to  the  diabolical  ferocity  of  the  barracuda  and  ends 
by  giving  an  eye-witness  account  of  the  fear  of  this  fish  which  is  uni- 
versal throughout  these  idands.  A  pair  of  can-hooks  had  been  lost 
overboard  in  40  feet  of  water,  and  for  a  small  reward  a  band  of  8 
negroes,  swimming  about  the  vessel  and  paying  no  attention  to  some 
sharks  in  the  near  vicinity,  endeavored  to  recover  these.  All  went 
wdl  until  the  cry  of  *'couter,"  "couter,'*  was  raised,  whereupon  bed- 
lam broke  loose.  Crazed  with  fear,  the  negroes  fairly  climbed  over 
each  other  to  come  aboard  by  the  help  of  ropes  flung  out  to  them. 
Bullen  adds  that  even  when  safe  on  the  ship  'Hheir  demoralized, 
panic-stricken  condition  was  painful  to  witness."  If  the  reader  will, 
in  this  connection,  examine  Bullen's  well-drawn  figures  of  the  barra- 
cuda (reproduced  herein  opposite  page  55)  and  the  other  figures  given 
in  this  paper  of  the  head  and  jaws,  and  will  recall  the  cold  ferocity 
of  this  fish,  he  can  better  understand  the  truth  of  this  story. 

Hdder  (1908)  had  in  his  employ  many  years  ago  as  guide  and  fac- 
totum on  the  outer  Florida  Reef  a  typical  reefer  who  went  by  the 
common  name  ''Barracuda."    Because  he  was  an  expert  at  taking 
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this  fish  with  the  grains,  Holder  thou^t  that  he  had  been  so  named, 
but  inquiries  showed  a  totally  different  origin.  It  seems  that  years 
before  this  man  had  lived  on  Sea  Horse  Key  in  the  Bahamas  and  had 
there  got  his  name  because  of  a  horrible  experience  he  had  had  with 
the  barracuda  fish.  On  the  occasion  of  a  great  storm,  a  small  ship 
was  driven  on  the  reef  and  all  on  board  washed  overboard  and  drowned 
save  one  woman  who  was  lashed  to  the  rigging.  This  man,  McNally 
by  name,  threw  off  his  clothes,  tied  a  light  line  around  his  waist,  and 
despite  the  dissuasions  of  his  friends  began  his  hard  swim  to  the  vesad. 
Several  times  on  his  journey  he  was  seen  to  strike  at  sometliing,  and 
on  his  return  (having  sent  the  women  in  tied  to  the  line),  he  was  seen 
to  fight  with  something  and  once  was  pulled  under.  His  friends 
thought  that  he  had  encoimtered  a  shark,  but  when  he  came  to  shofe 
it  was  f oimd  that  both  going  and  coming  he  had  been  attacked  and 
seriously  bitten  by  the  fish  whose  name  he  afterward  bore. 

Further,  Holder  was  told  of  a  number  of  men  who  had  gone  over- 
board in  channels  between  the  Keys  and  who  had  been  almost  kilted 
by  these  vicious  fish.  He  also  relates  an  incident,  which  seemingly 
fell  under  his  own  observation,  of  a  barracuda  which  had  been  for- 
gotten in  the  well  of  a  fishing  sloop.  When  a  man  went  down  into  the 
well  to  repair  it  he  was  attacked  by  the  fish  and  maimed  for  life. 

Finally,  as  bearing  out  the  present  writer's  statements  at  the  begin- 
ning of  this  section,  Henderson  (1916)  may  be  quoted  that: 

''As  to  the  picona  danger,  not  much  can  be  said  beyond  mentioning  the 
general  fear  of  this  aggressive  fish.  ...  He  prefers  rocky  places  about  tiie 
rerfs,  where,  lying  motionless  near  the  bottom,  he  darts  at  his  prey  with  a 
swiftness  that  baffles  the  eye.  His  sinister  appearance,  astonishing  quickness, 
and  occasional  habit  of  ranging  the  water  in  schools,  like  squadrons  of  sub- 
marine destroyers,  have  combined  to  give  him  a  bad  name.  .  .  .  As  a  matter 
of  fact  we  feared  these  [barracudas]  more  than  sharks." 

Captain  Wilson  writes  of  the  Bahama  barracuda : 

''I  know  of  a  case  of  a  man  who  was  walking  quickly  on  a  shallow  reef 
beside  deep  water,  and  a  barracuda  flashed  up  and  hit  bun  on  the  foot.  In 
this  case,  the  cause,  I  think,  was  his  white  foot  going  in  and  out  of  the  water 
quickly,  for  anythmg  that  moves  quickly  they  wiU  flarii  at.  Th^y  give  a 
ghastly  bite." 

Thus  we  have  abundant  evidence  of  the  ferocity  of  S.  harracuda  in 
Gulf-Caribbean  waters  and  of  its  dangers  to  man.  Turning  to  the 
Pacific,  it  is  interesting  to  note  that  the  California  form,  S.  argenieay 
which  attains  a  length  of  5  feet,  is  entirely  harmless.  In  the  southern 
part  of  this  great  ocean,  however,  is  found  the  formidable  S.  commer- 
soniiy  which  has  been  known  to  reach  the  great  size  of  8  feet.  On 
the  authority  of  Andrew  Garrett,  Giinther  states  that  such  large 
individuals  are  extremely  dangerous  to  bathers.  Much  more  circum- 
stantial, however,  is  the  following  interesting  present-day  account 
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from  Wood-Jones  (1912).    In  this  connection  see  his  figure  of  such  a 
giant  fish  reproduced  herein  as  figure  2,  plate  i.    He  writes : 

''The  barracouta  has,  however,  left  its  mark  upon  at  least  one  man,  and  I 
have  seen  a  Cocos  [Keeling  Archipelago]  native  the  whole  of  whose  calf 
musdes  had  been  torn  away  by  the  cruel  teeth  of  this  large  [marine  fish] 
relative  of  the  pike.  The  barracouta  is  an  ugly  and  dangerous  fish,  for  it  is 
of  all  sea  creatures  the  most  difficult  to  see,  and  it  has  a  habit  of  dashing 
upon  whatever  stirs  in  the  water." 

In  his  very  interesting  book,  describing  the  cruise  of  the  CuroQoa 
among  the  South  Sea  Islands  in  1865,  Brenchley  figures  and  describes 
the  tie-beam  of  a  house  at  Uji,  Solomon  Islands.  On  one  side  of  this 
beam  is  carved  and  painted  a  scene  showing  an  overturned  canoe  with 
the  men  fighting  with  sharks  and  other  fishes  which  are  devouring  some 
of  them.  Concerning  this  scene  Brenchley  says:  '^ Among  the  fish 
regaling  themselves  on  the  remains  of  the  bodies  which  they  have  par- 
tially devoured  are  to  be  found  more  than  one  species.  The  long  cen- 
tral fish  is  the  Sphyrsena,  popularly  known  as  the  Barracuda."  This 
tie-beam  was  brought  away  by  the  Curagoa  and  figures  of  its  two  sides 
form  the  frontispiece  of  Brenchley's  book.  The  figure  of  the  barracuda, 
with  a  piece  of  human  flesh  in  its  jaws,  is  admirably  drawn  and  per- 
fectly recognizable. 

Further  west  in  the  Indian  Ocean  the  barracuda  abounds  in  the 
waters  around  the  island  of  Mauritius,  where  it  bears  the  local  name 
tazarre.  Nicholas  Pike,  while  United  States  consul  at  Port  Louis 
nearly  50  years  ago,  made  many  valuable  natiural  history  observations. 
From  his  delightful  book  *' Sub-tropical  rambles"  (1873)  we  learn 
that,  whenever  he  went  collecting  in  the  tide-pools  and  over  the 
shallow  reefs,  he  always  carried  a  fish  spear  to  protect  himself  against 
attacks  from  barracudas  and  eels.  He  tells  us  that  once  he  was 
attacked  by  a  tazarre  of  considerable  size,  which  ^'came  right  at  me 
like  a  bulldog."  He  harpooned  it  in  the  side,  but  it  got  away  and  then 
came  at  him  the  second  time.  This  time  he  struck  it  in  the  head, 
but  held  it  off  with  difficulty,  though  he  was  a  large  powerful  man. 

HABITAT. 

The  barracudas  comprise  the  sole  genus  of  the  family  Sphyrsenid®. 
There  are  some  20  species  of  these  carnivorous  salt-water  ''pikes" 
found  in  the  warm  seas  (tropical  and  sub-tropical)  all  over  the  worid. 
Jordan  and  Evermann  (1896)  list  7  species  from  North  American 
waters:  2  from  the  Pacific  Ck)ast;  4  from  the  Atlantic;  and  1,  a  Euro- 
pean form,  from  the  Bermudas  only  (on  the  authority  of  Dr.  Goode). 
Of  the  Atlantic  forms  3  seem  to  be  wholly  tropical,  ranging  from  Pen- 
saeda  and  Gharieston  to  Bahia;  2  of  these  are  occasionally  taken  as  far 
north  as  Wood's  Hole,  probably  as  stragglers  in  the  Gulf  Stream;  the 
other  (the  northern  banracuda), seems  to  range  from  Gape  God  south  to 
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about  Cape  Fear.  The  young  are  not  infrequently  taken  in  Beaufort 
HartxHT,  tiioue^  the  adult  is  unknown  there.  So  far  as  its  habitat  is 
concerned,  thenorthembarracudaeeems  to  beadeddedly  aberrant  icaak. 
Equally  abarant  ie  the  form  found  on  the  west  coast  oi  Afrioa. 
Reeve  reports  (1912)  that  it  goes  up  the  GamtHa  River,  160  miles,  to 
McCarthy  Island,  idiere  the  water  is  perfectly  fredi.  He  notes  that 
such  specimens  are  very  thin,  and  conjectures  that  they  find  it  difficult 
to  get  sufficient  food.  Whether  this  barracuda  is  the  Sphyrama  jeUo 
reported  by  BQttikof er  for  the  liberian  coast,  as  elsewhere  noted,  can 
not  be  said. 

FX)SSIL  FX)RMS. 

Our  knowledge  of  the  Sphyr»nid»  far  antedates  the  historic  period; 
even  Aristotle's  mention  of  them  is  comparativdy  recoit.  In  the  Cre- 
taceous seas  which  covered  Kansas  and  the  adjacent  parts  kA  the 
Great  Plains  region,  and  in  the  bays  and  shallow  sounds  along  the 
N(^h  Cardina  coast,  there  disported  themselves  in  large  numbos 
certain  fishes  of  powerful  frame  and  voracious  habits  to  which  the 
paleontologists  have  given  the  name  Pratosf^yromidoej  the  first 
sphjrrsmas.  The  generic  name  was  assigned  to  these  fishes  by  Leidy 
as  early  as  1857,  but  it  seems  that  Agassis  much  earlier  than  this  had 
examined  the  teeth  of  the  same  form  and  had  erroneously  placed  their 
owners  among  the  Saurocephali.  There  is,  it  must  be  confessed,  some 
doubt  about  the  affinities  of  these  fishes.  Indeed,  Jordan  (1905)  says 
'Hhe  jaws  are  armed  with  very  strong  teeth,  as  in  the  barracuda, 
which  however  the  species  do  not  resemble  in  other  respects." 

Two  of  these  Protosphyrsena  fish  are  known  by  the  specific  names  of 
Protosphyroma  nitida  and  pemiciosa.  Careful  perusal  of  the  litera- 
ture would  probably  give  the  names  of  a  number  of  other  species 
referable  to  this  fossil  genus.  However,  it  is  not  the  purpose  of  the 
present  writer  to  go  into  the  matter  of  fossil  forms  further  than  to  call 
to  the  attention  of  the  reader  the  fact  that  the  fossil  Protoq>h3rr8enids 
are  by  many  considered  as  the  ancestors  of  the  modem  Sphyrsenids. 
So  Felix  (1890)  seemed  to  think,  and  his  figure  of  Protosphyroma  nitida, 
reproduced  herein  as  figure  25,  plate  vn,  certainly  does  show  the  head 
of  a  fish  whose  teeth  and  jaws  are  remarkably  like  those  of  the  big 
barracuda.  Attention  is  called  to  the  two  great  canines  in  front  and  to 
the  knifcHshaped  teeth  of  the  upper  and  lower  jaws.  The  teeth  of  the 
upper  jaw  are  seen  outside  those  of  the  lower,  but  whether  t^  is 
natural  or  an  artifact  can  not  be  said — ^possibly  both,  and  rather  cer- 
tainly the  latter,  since  the  great  canines  are  also  found  outside  the 
lower  jaw-bone.  However,  from  the  drawing  they  seem  to  be  rooted 
in  the  premaxillary. 

Louis  Agassiz  (1843)  also  figures  in  the  atlas  to  volume  v  of  his 
great  work  on  f osril  fishes  two  skeletons  of  certain  fishes  which  he  does 
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not  hediate  to  call  £[pAyra»ia.  These  skeletons  are  from  the  Eocene  of 
Monte  Boloe  in  Italy.  The  first  is  called  8.  bolcensiSf  from  its  place  of 
discovery^  and  is  based  on  a  mmaber  of  skeletons  from  different  muse- 
ums. The  second  is  S.  gracilis  and  several  specimens  are  known. 
These  are  reproduced  herein  as  figures  23  and  24,  plate  vn.  Attention 
is  called  to  the  shape  of  the  snout  and  to  the  upper  teeth  in  figure  24, 
and  to  the  24  vertebrse  (the  proper  number)  in  figure  23. 

In  1901,  the  distinguished  paleontologist  Dr.  A.  S.  Woodward 
catalogued  the  Sphyrsenid  material  in  the  British  Museum  and 
reduced  most  of  ^e  previously  described  forms  to  synonymy.  He 
sets  up  three  distinct  species:  SphyrcBna  bolcensis,  intermedia^  and 
8116381.  Six  other  species  are  quoted  from  earlier  writers,  but  Wood- 
ward thinks  the  material  from  which  they  were  described  to  be  so 
imperfect  (in  one  case  consisting  of  a  single  tooth  only)  as  not  to  justify 
the  erection  of  species  upon  it.  All  the  valid  material  is  from  the 
Eocene  of  Monte  Bolce  near  Verona  in  northern  Italy.  Woodward 
throws  out  Agassiz's  8.  amid  from  Mount  Lebanon  as  not  belonging 
to  this  genus. 

NOMENCLATURE. 

The  generic  term  Sphyrcena  means  hammer,  according  to  Jordan 
and  Evermann  (1896),  and  hence  the  barracuda  is  a  hammer-fish — a 
total  misnomer  since  it  resembles  nothing  so  little  as  a  hammer,  as  was 
noted  so  long  ago  as  1554  by  Salviani.  This  erroneous  derivation  and 
interpretation  seem  to  have  come  about  somewhat  as  follows:  The 
nsarndSphyrcena  originatedwithAristotle,  who,  in  his ''Natural History/' 
book  DC,  chapter  3, 6106, 5,  simply  names  the  fish.  However,  it  will  be 
shown  further  on  that  the  more  common  name  among  the  Greeks  was 
cestra  (a  kind  of  light  javelin  invented  and  used  during  the  Persian  war) 
and  also  a  goad  or  pointed  stick.  The  word  Sphyrcena  apparently  has 
its  origin  in  the  word  sphyra,  a  hammer,  but  sphyrcma  has  no  use  or 
meaning  other  than  as  the  name  of  the  fish  under  consideration.  This 
statement  is  based  on  the  authority  of  Professors  Gildersleeve  and 
Miller  of  the  Johns  Hopkins  University.  The  name  cestra,  however, 
seems  to  be  a  definite  allusion  to  the  shape  of  the  fish  and  its  pointed 
head. 

Our  next  authority  is  Pliny.  In  his  ''Natural  History,''  book  xxxii, 
chapter  11,  paragraph  54,  he  speaks  of  the  fish  ''called  siulis  in  Latin, 
and  in  Greek  sphyrcBna,  names  which  indicate  the  shape  of  its  snout." 
This  stidis  or  sudes  was  a  kind  of  javelin  and  also  a  kind  of  stake 
somewhat  pointed  and  hardened  in  the  fire.  Furthermore  the  col- 
loquial name  used  along  the  Mediterranean  shores  of  Italy,  France,  and 
Spain  to-day  is  spet  or  spetto.  This  term  has  already  been  used  in 
this  paper  in  speaking  of  the  European  fish,  and  refers  to  the  elongated 
form  and  pointed  snout. 
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The  etymology  of  this  name  is  very  obeeure.  SphyrcBna = hammer- 
fish  is  such  a  misnomer  that  I  set  to  work  to  pussle  it  out.  Rondels 
(1558)  makes  sphyrcma^  centra,  a  sharpened  stake,  because  o(  ite 
(KHnted  snout.  Cuvier  and  Valenciennes  (1829)  cast  strong  doubt  on 
the  hanmier-fish  derivation  and  definitely  state  their  belief  that  cesim 
(javelin  or  stake)  is  a  synonym  for  sphyrosnay  in  allusion  to  its  pointed 
snout.  This  led  me  back  to  Conrad  Gesner's  '*Historia  Animalium/' 
im,  where  was  f  oimd  a  wealth  of  material  which  is  summarized  bdow. 
In  this  connection  I  wish  to  express  my  thanks  to  Professor  C.  W.  £. 
Miller,  of  the  Johns  Hopkins  University,  to  whom  I  am  indebted  iot 
translations  of  and  some  keenly  critical  comments  upon  the  names  used. 
These  translations  and  comments  have  gone  far  towards  clearing  up 
the  situation  and  for  confirming  the  authors  referred  to  in  this  para- 
graph. 

Before  dealing  with  the  data  found  in  Gesner,  it  may  be  well  to  state 
that  Aldrovandi  (1613)  is  in  full  accord  with  Gesner,  whom  he  quotes 
in  large  degree. 

Gesner  (1558)  quotes  the  Greek  poet  and  philosopher,  Epicharmus, 
who  flourished  at  Syracuse  about  485  B.  C.,  where  he  speaks  of  ''ces- 
traa  and  shining  perches."  Next  he  notes  that  Speusippus  (about 
407  B.  C.  to  339  B.  C.),  the  nephew  and  disciple  of  Plato,  likened  the 
sphyroma  or  cestra  to  the  fish  called  in  Latin  acua  (gar-pike).  Then  he 
finds  that  Athenseus,  the  Greek  philosopher  of  Naucrates  and  Alex- 
andria, Egypt,  in  his  great  work,  ''Deipnosophistae"  (about  200  A. 
D.),  writes  that  ''Dorian  says  that  what  they  call  the  cestra  is  the 
sphyroma,  and  when  Epicharmus  called  it  the  cestra  he  no  longer  said 
sphyrcenaj  although  they  are  the  same.  And  the  Attic  Greeks  more 
often  call  the  sphyrcma  the  cestra  and  very  seldom  use  the  name  sphy- 
rcena, "  These  quotations  make  it  clear  that  the  two  names  were  used 
interchangeably  but  that  cestra  gradually  came  to  be  used  almost 
exclusively  for  the  fish  once  called  sphyrcma. 

Thus  sphyrcena,  cestra  (or  kestra),  and  svdis  were  all  used  syn- 
on3rmously  for  a  certain  slender  sharp-headed  fish  recalling  the  idea 
of  a  javelin,  a  pointed  stake,  or  the  prow  of  a  ship.  Now  there  enters  on 
the  scene  one  Theodorus  Gaza,  a  learned  Greek  scholar  who  was  bom 
about  1400  and  who  died  about  79  years  later.  The  Turks  having 
captiued  his  birth-place,  Thessalonica  in  Macedonia,  he  was  driven 
into  Italy,  where  he  was  for  many  years  professor  of  Greek  at  Ferrara. 
Later  he  moved  to  Rome  and  engaged  in  translating  Greek  works  into 
Latin,  among  them  Aristotle's  ''Natural  history  of  animals"  (1476). 
Gaza  translated  sphyrcma^  kesira=^  sudis  by  the  Latin  word  maUeoluSf 
hammer,  and  hammerfish  it  has  remained  to  this  day. 

Now  the  hammerfish  is  Sphyma  zygcsna,  the  hammerhead  shark,  and 
on  this  point  Gesner  definitely  says  that  the  common  codices  or  texts 
of  his  day  were  full  of  errors,  zygoma  being  often  written  for  sphyrcma 
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and  vice  versa.  The  hammerhead  shark  gets  its  name  {sphymaf  ham- 
mer; zygoma,  yoke)  because  the  laterally  elongated  lobes  of  its  head 
stand  out  from  the  body ^  giving  the  head  end  of  the  fish  the  shape  of  the 
Greek  letter  r.  Further,  Gesner  8a,ys  that  at  Marseilles  there  was  a 
hammer-fish  called  Jew-fish,  which  by  many  was  thought  to  be  a  sphy- 
rcena  but  which  was  really  a  zygoma,  llien  he  quotes  the  French 
ichthyologist  Gilles,  that  the  hammer-fish  of  Marseilles  was  a  zygoma, 
and  that  it  was  called  a  Jew-fish  because  its  lateral  head  projections 
much  resembled  a  kind  of  head-dress  having  lateral  horns  formerly 
worn  by  certain  Jews  of  that  city.  Furthermore,  it  is  interesting  to 
note  that  the  specific  name  given  to  the  hammerhead  shark  by  many 
ichthyologists  is  or  was  malleus  (hammer).  From  all  this  we  may 
easily  see  how  the  names  were  confused. 

However,  this  etymological  tangle  is  not  so  easily  unraveled  as  the 
preceding  paragraph  seems  to  show.  Sphyrcma  probably  has  its 
origin  in  the  word  sphyra,  which  means  hammer.  Gaza  gives  as  a 
synonym  the  Latin  word  malleolus,  and  this  has  added  further  to  the 
complexity.  The  word  malleolus  means  a  little  hammer,  and  Professor 
Miller  writes  me  that  it  is  neo-Latin  for  the  tibia  and  fibula  with  their 
enlarged  ends.  These  in  Greek  are  represented  by  the  word  sphyron, 
which  also  means  hammer.  And  so  it  seems  that  we  have  come  to  a 
cul  de  sac.    Now  let  us  return  to  cestra  and  see  what  we  can  get  from  it. 

Pollex  (bom  at  Naucrates,  Egypt,  about  130  A.  D.)  has  left  us  a 
dictionary  of  Greek  words  in  which  '' cestra"  is  defined  as  "a  certain 
kind  of  hammer" ;  but  what  kind?  Professor  Gildersleeve  writes  that 
it  was  ''an  agricultural  implement  employed  in  breaking  up  clods." 
And  Professor  Miller  sajrs  that  it  was  a  double-headed  hanimer,  flat 
on  one  head  and  with  the  other  pointed,  a  pick  hammer  or  '' Spitz- 
hammer,"  such  as  geologists  use.  Such  hammers  are  figured  among 
the  illustrations  in  archeological  works.  Now  the  error  of  preceding 
writers  is  clear.  Deriving  sphyrcma  from  sphyra,  hammer,  and  either 
overlooking  cestra  in  its  meaning  of  javelin,  or  using  cestra  as  hammer 
without  going  into  critical  study  of  what  kind  of  hammer,  they  have  in 
all  cases  made  Sphyrcma  the  hammerfish,  when  it  should  be  the  pick- 
hammer  fish,  the  name  being  given  not  in  allusion  to  the  hammer  end 
of  the  tool  but  to  the  pick  end.  Hence  Sphyrcma  is  not  the  hammer- 
fish  but  the  pickhammer  fish,  and  it  is  seen  that  the  name  plainly 
alludes  to  the  shape  of  the  head  and  snout,  and  that  it  is  a  synonym 
for  cestra  and  for  sudis. 

On  the  origin  of  the  specific  name,  barracuda,  I  regret  that  I  am 
unable  to  throw  any  light.  Walbaum  in  1792  seems  to  have  fij^  used 
it  for  the  name  of  the  species.  So  struck  was  he  with  the  similarity 
of  this  fish  to  the  fresh-water  pike,  that  he  named  it  Esox  harracuda. 
He,  however,  simply  gave  his  so-called  ''pike"  the  native  name  barra- 
cuda with  which  Catesby  had  labeled  his  drawing  from  a  Bahama 
specimen  in  1731. 
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The  use  of  the  name,  however,  antedates  Catesby.  9oaiie  (u, 
1725)  uses  it.  Dampier,  idiose  sixth  edition  (published  1729)  I  have, 
refers  to  this  fish  under  the  name  ^'Parricoota."  Dampier's  8eo<Hid 
visit  to  Campeachy,  idiere  he  first  saw  or  at  any  rate  described  the 
''Parriooota,"  was  made  in  1676.  In  book  n,  chapter  2  (p.  144),  in 
which  the  fish  is  referred  to,  Dampier  sajrs  that  ''About  the  middle  of 
February  75-6,  we  sailed  from  Jamaica"  for  Campeachy  and  after  a 
short  and  safe  voyage  arrived  there.  Dampier's  Voyages  are  written 
directly  from  his  manuscript  journal,  and  the  accoimts  on  pages  171-2 
of  his  printed  book  are  dated  1676,  so  at  least  to  this  date  the  name 
Parrioootay  a  corruption  of  the  apparently  native  word  harracudOy  can 
be  traced.  Probably  a  close  search  of  the  early  Spanish  chroniclens 
and  writers  on  the  natural  history  of  the  West  Indies  would  show  the 
name  in  use  long  before  Dampier's  time. 

This  name,  in  its  various  spellings  (barracuda,  barracouta,  barra- 
cuta,  parricoota,  paracuta,  etc.),  has  become  wide-spread,  bduig  the 
common  name  for  the  fish  wherever  found  the  wbrid  aroimd. 

The  other  colloquial  name,  picuda,  seems  to  have  been  ^ven  the 
fish  by  Parra  in  1787.  This  is  a  Spanish  term,  having  its  root  in  com- 
mon with  our  English  word  pike,  given  in  plain  allusion  to  the  simi- 
larity in  form  and  habits  between  this  fish  and  the  fresh-water  pike. 

The  name  becune  is  French  in  origin,  and  it  will  be  recalled  as  ihe 
name  used  by  Rochef ort,  De  Tertre,  Labat,  and  Fermin.  This  is  the 
Gallicized  form  of  the  medieval  Latin  word  becuna  according  to  the 
Centiuy  and  Standard  Dictionaries.  However,  not  being  content 
with  this,  I  asked  Professor  Miller  to  pass  on  these  names  also,  and  he 
kindly  writes  that  b4cune  is  French  and  is  borrowed  from  the  Spanish 
hicuna.  He  notes  that  the  first  syllable  of  these  words  corresponds 
to  the  French  word  heCj  beak  of  a  bird  or  snout  of  a  fish,  and  that  the 
Latin  word  heccas  is  of  Gallic  origin.  The  -une  or  -una  is  simply  a 
termination.    Hence  becune  or  becuna  means  beak-fish. 

In  this  connection,  Professor  Miller  makes  the  interesting  sugges- 
tion that,  since  sphyra  conveys  no  suggestion  of  sharpness  or  pointed- 
ness,  as  does  the  word  cestra,  possibly  the  name  may  have  been  given 
in  allusion  to  the  hammer-like  swiftness  and  force  of  the  fish's  attack. 
Then  he  adds :  '^  The  sphyroma  would  then  be  hammer-fish ;  the  cestra, 
the  pickhammer-fish;  the  mdiSf  the  stake  fish;  the  becuna  (becune), 
the  beak-fish:  according  to  the  varying  point  of  view  of  the  olwerver." 

DRAWINGS  OR  FIGURES  OF  THE  BARRACUDA. 

The  history  of  the  big  barracuda  has  been  rather  fully  given  in 
the  course  of  this  paper,  and  little  can  be  added  here.  However,  it 
may  not  be  without  interest  to  give  some  few  points  about  figures  of 
the  sphyrsena,  both  Eiu'opean  and  American. 

Belon  seems  to  have  published  the  first  known  figure  of  the  Euro- 
pean sphyrsena,  but  Cuvier  and  Valenciennes  say  that  it  was  incorrectly 
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drawn.  I  have  not  seen  this,  nor  have  I  had  opportunity  to  examine 
Rondelet's  original  figure  published  in  the  Latin  edition  of  his  book  in 
1554.  His  figure  in  the  French  translation  of  the  above  work  is  the 
earliest  examined  in  the  course  of  this  research,  but  there  is  no  reason 
to  doubt  that  it  is  not  identical  with  that  in  the  1554  folio.  The  figure 
is  small  and  not  very  distinctive.  Cuvier  and  Valenciennes  say  that 
the  head  is  too  long.  This  figure  was  copied  by  Gesner  in  the  fourth 
volume  of  his^'Historia  Animalium"  (1558).  Aldrovandi  (1613),  how- 
ever, had  a  new  drawing  made  for  his  book,  but  otur  French  critics  say 
that  it  was  made  from  a  dried  specimen.  While  in  some  ways  an 
improvement  on  the  preceding  figures,  it  is  not  a  good  drawing,  the 
head  especially  being  poor.  These  writers  also  say  that  Bloch's  figure 
— ^which  I  have  not  examined — ^is  the  best  made  up  to  that  time,  but 
that  it  is  faulty  in  some  respects. 

However,  of  the  figures  studied,  Salviani's  (1554)  is  far  and  away  the 
beet  portrayal  of  the  sphyrsena,  either  European  or  American,  made 
prior  to  the  time  of  publication  of  Cuvier  and  Valenciennes'  elegant 
drawing  to  be  referred  to  later.  Occupying  a  whole  page  in  Salviani's 
f oUo,  it  is  well  drawn  and  well  printed.  There  are  some  defects.  The 
teeth  are  not  figured  absolutely  correctly  and  the  ventral  and  caudal 
fins  are  not  well  done,  but  the  figure  as  a  whole  is  distinctly  good. 
Tlie  eye  is  fine,  the  head  generally  well  done,  the  lower  jaw  is  longer  and 
has  a  distinct  lump  at  the  upturned  end.  The  point  of  the  upper  jaw 
is  plainly  uptmned  and  slightly  hollowed  out  for  the  reception  of  the 
great  tooth  at  the  point  of  the  lower  jaw.  The  fins  are  well  placed, 
as  is  also  the  lateral  line.  Most  noticeable  is  the  absence  of  the 
first  dorsal  fin  and  this  absence  is  severely  criticized  by  Cuvier  and 
Valenciennes.  However,  Salviani  distinctly  says  that  there  are  two 
dorsal  fins,  ''the  first  on  its  middle,  the  hinder  one,  however,  towards 
the  caudal."  In  the  dead  fish,  this  is  always  sunk  in  the  sheath,  and 
so  it  was  in  the  specimen  from  which  Salviani's  artist  made  his  draw- 
ing. It  is  greatly  to  be  regretted  that  this  striking  figure  was  not 
studied  imtil  the  present  paper  was  in  press.  Had  it  been  seen  earlier 
it  would  have  been  reproduced  herein. 

The  earliest  figure  of  the  American  fish  which  has  come  to  light  in 
the  course  of  this  research  is  Rochefort's  drawing  of  the  becune  taken 
from  the  edition  of  his  book  published  in  1665.  It  is  a  poor  figure, 
giving  only  in  very  general  outline  the  form  of  the  fish  and  the  relative 
position  of  the  fins.  The  most  striking  defect  consists  in  the  absence 
of  one  set  of  the  paired  fins,  just  which  it  is  hard  to  say.  However, 
historically  it  is  of  enough  interest  to  be  reproduced  herein  as  figure  15, 
plate  V.  There  is  reason  to  think  that  this  figure  appeared  in  the 
first  edition  of  Rochefort's  work  in  1568,  which  I  have  not  been  able 
to  consult. 

The  next  ancient  figure  is  that  in  volume  ii  of  Sloane's  "Voyage  to 
Jamaica"  (1725),  table  247,  figure  3.    This,  however,  is  so  poorly 
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drawn  as  to  have  nothing  about  ii  to  dwtJnguiHh  it  as  a  barracuda  save 
the  name  appended  below.  For  these  reasons  it  is  best  to  omit  any 
reproduction  of  it  here.  Aknost  as  bad  is  Labat's  (1742)  reiHX)duc- 
tion  of  Rochefort's  figure  (1667),  since  Labat  leaves  off  the  lateral  line, 
possibly  because  Rochefort  had  drawn  it  incorrectly. 

Next  in  point  of  time  comes  Catesby's  drawing  of  the  Bahama  form. 
While  this  is  crudely  done  it  seems  worth  while  from  the  historical 
standpoint  to  reproduce  it  in  this  paper  as  figure  16,  plate  v. 

The  next  figure  of  the  big  West  Indian  barracuda  is  Parra's  drawing, 
reproduced  herein  as  figure  17,  plate  v.  It  was  published  in  1787 
and,  though  crude,  is  by  far  the  best  of  all  the  figures  published  jnior 
to  1829. 

The  first  really  accurate  delineation  of  Sphyrcma  barracuda  is  that 
found  in  the  third  volume  of  Cuvier  and  Valenciennes.  This  is  really 
a  wonderful  drawing  to  have  been  made  from  a  preserved  spedm^L 
The  reader  will  find  it  given  herein  as  figure  18,  plate  v.  The  one 
criticism  is  that  the  head  is  somewhat  too  short  and  blunt. 

After  Cuvier  and  Valenciennes'  elegant  figure,  the  next  portrayal 
known  to  me  is  that  found  in  volume  iv  of  Jordan  and  Evennann's 
great  work  on  American  fishes.  This  excellent  figure  has  but  two 
defects  worthy  of  serious  criticism;  the  lateral  line  runs  straight 
where  it  should  rise  over  the  pectoral  fin;  and  the  fin  rays  do  not  corre- 
spond to  the  count  in  the  text.  This  drawing  is  herein  reproduced 
as  text-figure  2.  These  same  authors,  in  their  '' American  food 
and  game  fishes"  (1905),  publish  an  excellent  figure,  apparently 
a  photograph  of  a  preserved,  possibly  a  still  fresh  specimen, 
viewed  from  the  side  and  slightly  from  below.  This  fine  figure  shows 
the  lateral  line  markedly  arched  over  the  pectoral  fin,  but  the  authors 
persist  in  their  statement  that  it  is  straight. 

Very  valuable  are  the  three  portrayals  in  the  plate  taken  from  Bul- 
len's  book  (1904)  and  reproduced  herein  facing  page  55.  These  are 
by  long  odds  the  best  figures  extant  of  this  fish,  and  portray  very 
closely  attitudes  in  which  the  fish  has  often  been  observed  at  Tortugas. 

The  observations  on  the  living  fish,  its  structures  and  habits,  and  the 
collection  of  material  and  data  for  fiu*ther  study  were  made  at  the 
Tortugas  Laboratory  of  the  Carnegie  Institution  of  Washington. 
Here  Dr.  A.  G.  Mayer,  the  director,  did  everything  possible  to  forward 
my  work.  The  historical  side  of  the  paper  was  worked  up  in  the 
Library  of  Congress  and  the  Library  of  ^e  United  States  National 
Museum.  To  the  officials  in  charge  of  these  two  great  libraries  I  am 
under  obligation  for  many  courtesies.  The  extracts  from  the  various 
authors  referred  to  are  in  the  main  literal  quotations.  Translitera- 
tions would  possibly  have  enhanced  the  appearance  of  the  paper,  but 
experience  has  taught  me  that  verbatim  quotaticms  are  far  more 
valuable  to  the  reader. 
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3,   I  lend  of  >V.  fcurnicic'ii  seen  troin  above,  fresh  spetimen. 
i.  L.ii(eriil  view  of  same  head. 

5.  Looking  into  mouth  ot  harrnciidn  from  behind.  Mi.imi  fpc 

6.  L'nder  side  of  dried  head  sliowinj;  n)iertiires  behind  point  i 

upper  jaw  for  reception  of  Bolitary  mandibular  fnnjj. 
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11.  Dorsal  view  of  skull  with  iippiT  J!i»  ilis|il;Kcil  torwar 

1!:  Ventrnl  view  of  ihe  same. 

13.  I^wer  jow  showing  lecih  and  also  so.-kels  in  niaiidib 

uiiixillorvfaiiKB. 
U.  Ovan  of  55-i'icli  barraiiiila. 


IG.  Beciine,  afler  Rocheforl,  1661;. 

16.  Barracuda,  after  Catesby,  17^4. 

17.  Picuda,  after  Parra.  17S7. 

18.  (Sphyr%ne.  afler  Ciivier  and  Val 
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19.  Much  enlarged  line  drowinB  of  head  troiii  Cm  ier  and  Valenciennei, 

20.  Enlarged  head  rrom  Ciivicr  and  Valenciennes,  colored  Hgiire.  plate  V.  tigiir 

21.  Skeleton  of  8.  barrnmiin  afler  AKBSsi^,  184-). 

22.  Head  of  the  same  much  enlarged. 


23.  SvhyritH'i  -ir 
2i.  SiJiyr'Fii'i  im 
'i5.   I'r'd-f'phyrit, 
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BOTANICAL  ECOLOGY  OF  THE  DRY  T0RTU6AS. 


Bt  H.  H.  M.  Bowman. 


As  the  name  of  these  islands  indicates,  their  vegetation  is  character- 
istically xerophytic,  although  the  rainfall  is  sufficient  to  assure  the 
plants  the  necessary  amount  of  water.  Living  in  such  a  difficult  envi- 
ronment, as  may  be  supposed,  the  plants  are  very  interesting  when  a 
close  study  is  made  of  their  individual  characteristics.  The  oppor- 
tunity for  such  study  was  given  the  writer  during  the  summers  of  1915 
and  1916,  while  pursuing  another  line  of  botanical  research  under  the 
auspices  of  the  Carnegie  Institution  of  Washington,  which  partially 
controls  one  of  them  (Loggerhead  Key),  where  a  marine  laboratory 
is  maintained. 

The  Dry  Toitugas  are  situated  in  the  Gulf  of  Mexico  between  24^ 
34'  and  24""  42'  north  latitude  and  between  82""  48'  and  82""  58'  west 
longitude.  The  relative  distances  in  the  cardinal  directions  of  points 
on  land  are  as  follows:  approximately  920  miles  east  of  Tampico, 
Mexico;  625  miles  southeast  of  New  (Means;  470  miles  south  by  east 
of  Pensacola;  70  nules  west  of  Key  West,  and  90  miles  north  by  west  of 
Havana.  The  Tortugas  are  really  the  westernmost  of  all  the  Florida 
Kejns,  but  are  more  detached  from  them  and  have  different  geological 
and  botanical  aspects. 

GEOLOGIC  FORMATION. 

The  geological  formation  and  the  history  of  south  Florida  and  the 
adjacent  regions  have  been  investigated  thoroughly  by  T.  Wayland 
Vaughan,  of  the  United  States  Geological  Survey,  and  in  one  paper  he 
discusses  particularly  the  Tortugas  AtoU.^  Ytom  this  paper  the 
writer  quotes  largely  as  to  the  geology  of  these  islands.  The  Dry 
Tortugas  consist  of  eight  small  islands:  Loggerhead  Key,  Bird  Key, 
Garden  Key,  Long  Key,  Bush  Key,  Sand  Key,  Middle  Key,  and  East 
Key;  these,  together  with  large  submerged  banks  and  several  shoals 
which  were,  until  recent  hurricanes,  charted  as  islands,  form  an  irreg- 
ular ellipse  with  its  longer  axis  directed  from  northeast  to  southwest. 
The  lagoon  inside  of  this  atoll  has  a  depth  of  5  to  7  fathoms. 

As  stated  in  Vaughan's  interesting  accoimt,  two  lines  of  investiga- 
ticm  were  taken  up  in  determining  the  geology  and  origin  of  the  Tor- 
tugas atoll:  first,  whether  submarine  solubility  phenomena  played  an 
important  part  in  their  history;  second,  whether  the  wind  and  current 

^Vaugfamn,  T.  Wayland.  The  Buflding  of  the  Btarqmaai  and  Tortucas  AtoUa  and  a  Sketch  of 
the  Oeologie  History  <tf  the  Florida  Reef  Tract.     Carnegie  Inst  Wad&.  Pub.  No.  182,pp.65-^. 
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aetioD  wwe  rMponwhle.  To  detomiiie  the  fint,  a  ehemical  reaetfch 
was  coodueted  into  the  dinolving  poww  of  sea-wator  due  to  the  CO^  it 
contained,  and  the  material  frcHn  the  bottom  of  the  lagoon  was  exam- 
ined. TUe  latter  examination  showed  the  bottom  to  be  fine  ealcaimu 
mud,  precipitated  by  denitrifying  bacteria,  as  discovered  by  Drew.^ 
The  fonnar  chemical  research  was  made  by  Dde^  on  daily  observataoos 
of  the  amount  of  COt  in  the  sea-water  flowing  into  the  lagoon  and  the 
amount  (rf  carbonates  in  the  water  flowing  out.  The  result  oi  this 
woriL  showed  that  the  dissolving  action  til  00%  in  the  watw  was  neg^ 
giUe  and  f rmn  the  bottom  san^des  it  was  ascertained  that  dqiosition 
was  going  on  at  a  rate  far  exceeding  any  solubility. 

The  above  study  eliminated  the  first  theory  oi  action  by  scdubility, 
but  the  thecxy  oi  formation  by  waves  and  currents  remained.  As 
observed  by  various  writ^n,  sand  dunes  and  water-carried  detritus 
are  alike  molded  into  two  shapes  by  certain  wind  and  water  currents. 
The  lattw  are  formed  by  an  obstacle  or  a  counter-current  shearing  a 
constant  current,  which  drifts  material  to  both  sides  and  a  crescent  is 
f cnrmed  with  the  bow  of  the  arc  facing  the  current.  Vauglian  further 
says  that  there  are  three  kinds  of  currents  working  in  this  r^on: 
first,  wind-formed  currents,  accompanied  by  waves;  second,  the  Florida 
counter-current;  third,  tidal  currents.  The  prevailing  wind  in  Uie 
Tortugas  is  from  northeast  to  southwest,  and  the  islands  also  lie  in  the 
sweep  of  the  Florida  counter-current,  which  moves  west,  so  that  theee 
two  sorts  of  ciurents  cooperate;  on  the  other  hand,  Uie  general  tidal 
current  is  from  north  to  south — %.  e.,  flowing  transversely  to  the  two 
before  mentioned;  thus  the  arc  of  the  Tortugas  Atoll  is  bowed  toward 
the  east,  against  the  prevailing  wind  and  the  counter-current.  The 
southwest  part  of  the  perimeter  trails  along  the  direction  of  these  cur- 
rents. The  southwest  and  southeast  passages  in  the  atdl  are  attrib- 
uted to  the  influence  of  the  coimter  tidal  current.  White  Shoal  and 
Brilliant  Shoal  indicate  the  direction  of  this  current,  while  Loggerhead, 
the  largest  of  the  group,  shows  the  elongated  ^' linear-ridge '^  shape  due 
to  the  deposition  of  material  by  currents  trailing  along  from  the  tails 
of  the  crescent,  and  the  indurated  beach  rock  on  this  island  shows  it  to 
be  wave-built,  by  its  seaward  slope. 

On  Garden  Key,  as  seen  by  borings  made  by  Vaughan,  the  larger 
rock-masses  were  foimd  to  be  massive  dead  coral-heads.  All  of  the 
Tortugas  Keys  are  composed  of  calcareous  detritus,  the  remains 
of  various  CaCOr-secreting  organisms,  moUusks,  corals,  nullip(»es, 
echinoderms,  and  the  calcareous  algse.     The  coral  fauna  of  the  Tor- 

^Drew,  G.  H.,  On  Precipitation  of  CaCOt  in  the  Sea  by  Marine  Baetcria  and  an  Aooouni  of 
Denitril^^ing  Bacteria  in  Tropical  and  Temperate  Seas.  Camegie  Inst.  Wash.  Pub.  Ko.  182, 
pp.  7-46. 

*Dole,  R.  B.,  Some  Chemical  Characteristics  of  Sea-Water  at  Tortugas,  Florida.  Carnegie 
Inst.  Wash.  Pub.  No.  182,  pp.  <N^78. 
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tofgB^y  which  has  also  been  extensively  studied  by  Yaughan,  is  quite 
rich  and  has  contributed  a  great  deal  to  this  detritus.  The  atoll  is 
therefore  formed  by  certain  currents  arranging  this  loose  calcareous 
detritus.  This  material  above  sea-level  is  unconsolidated^  but  below 
8  feet  indurated  beach-rock  is  found.  This  constituted  an  older 
formation  for  the  growth  of  reef  corals.  ''It  is  probable/'  Vaui^ian 
stiys,  ''that  this  rock  was  sub-aerially  indurated  and  then  depressed — 
{,  e.,  the  atoll  was  outlined  previous  to  coral  growth  in  this  r^on." 
The  whole  of  the  south  Florida  region  was  deposited  in  Pliocene  times 
during  depression;  then  in  Pleistocene  time  there  was  an  uplift  and 
again  a  depression  with  a  succeeding  uplift.  During  the  Pleistocene 
period  it  is  supposed  that  some  of  the  coral  reefs  stood  as  much  as  18 
feet  above  sea-level.  In  recent  times  there  has  been  a  depreesimi, 
which,  however,  has  left  the  keys  slightly  higher  than  they  were  before 
the  Pleistocene  depression.  The  evidence  of  these  oscillations  is  borne 
out  by  the  knowledge  of  the  growth  habit,  in  relation  to  sea-level,  of 
the  reef-forming  corals  in  the  Florida  r^on. 

CLIMATIC  CONDITIONS  OF  THE  TORTUGAS. 

While  no  permanent  records  are  available  from  the  Tortugas,  the 
writer  assiunes  that  the  records  from  the  office  of  the  United  States 
Weather  Bureau  at  Key  West,  only  68  miles  distant,  will  for  this  pur- 
pose be  applicable  to  the  climate  of  the  Tortugas.  The  records  in  this 
office  have  been  kept  since  1871  and  are  very  reliable. 

For  botanical  consideration  the  subject  of  rainfall  is  quite  important. 
According  to  the  Key  West  records  the  total  average  rainfall  is  38.66 
inches.  The  precipitation  is  quite  varied  and  depends  largely  in  sum- 
mer on  tropical  squalls  which  suddenly  appear  on  the  horizon  and  sweep 
over  the  idands  with  a  fierce  rush  of  wind  and  driving  torrents  of  rain. 
These  perhaps  last  only  20  minutes  to  an  hour.  The  maximum  total 
precipitation  for  24  hours,  for  the  year  1914,  for  instance,  was  4.80 
inchc»,  which  occurred  in  November  of  that  year.  An  idea  of  the  varia- 
tion may  be  gained  by  comparing  this  with  the  maximum  precipitation 
for  24  hours  in  January  of  the  same  year,  which  was  only  0.31  inch. 
It  may  be  mentioned  in  this  connection  that  the  greatest  predpitaticm 
in  this  region  occurs  during  the  months  of  September,  October,  and 
November.  As  stated  above,  the  average  annual  rainfall  for  K^  West 
(and  presumably  the  approximate  for  Tortugas)  is  38.66  inches.  By 
comparing  this  with  the  total  average  precipitation  for  Miami,  situated 
oh  the  mainland  of  Florida,  125  miles  north  of  K^  West,  which  is  46.56 
inches,  it  is  seen  that  the  average  is  slightly  lower  for  the  southern  k^ns 
than  for  the  main  peninsula. 

The  average  number  of  clear  days  for  these  southern  keys  is  151. 
During  the  summer  months  of  May,  June,  and  July  the  writer  has 
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lived  in  the  Tortugas,  when  for  pmods  of  several  we^s  there  was  a 
continuous  succession  of  clear,  brilliantly  sunny  dayn  with  not  even  an 
occasional  tropical  storm  or  squall.  Acceding  to  (he  metecnological 
summary  for  Miami,  the  total  average  of  clear  da;/8  is  only  68  and 
partly  cloudy  135.  The  comparison  again,  with  the  record  for  K^ 
West,  with  its  average  of  151  days,  taken  together  with  the  diff^enoe 
in  total  precipitation,  shows  the  climate  of  the  southernmost  keys  to  be 
slightly  drier  than  that  of  the  mainland.  This  diff er^ice  is  perhaps  due 
largely  to  the  prevailing  winds. 

The  prevailing  winds  are  eastwardly,  as  reported  by  the  Weather 
Bureau  at  Key  West,  and  as  also  observed  at  Tortugas  by  Vaughan,  in 
his  paper  on  the  influence  of  the  prevailing  wind  in  atdl  formation, 
and  also  by  the  writer  in  various  physiological  expmments  undertakai 
at  the  latter  place.  The  velocity  of  these  winds  is  very  variable.  The 
average  velocity  is  9.6  miles  per  hour.  But  in  this  region  of  hurricanes 
all  winds  over  75  miles  per  hour  are  rated  as  hurricane  winds.  These 
usually  occur  in  the  fall  during  the  months  in  which  the  heaviest 
precipitation  occurs,  viz,  September,  October,  and  November,  which 
months  are  called  the  ''hurricane  months."  In  the  Gulf  r^on,  as 
recorded  by  the  Key  West  office,  the  following  severe  hurricanes,  of 
which  the  directions  and  velocities  are  here  given,  did  a  great  deal 
of  damage:  On  September  25, 1894,  87  miles  per  hour  from  the  south- 
west; October  19, 1896,  88  miles  per  hour  from  the  southwest;  October 
11,  1909,  83  miles  from  the  northeast;  October  17,  1910,  100  miles  per 
hour  from  the  south.  This  last  hurricane,  known  as  the  ''great  hurri- 
cane of  1910,"  not  only  did  vast  damage  on  land  but,  as  observed  by 
the  writer  and  others  by  means  of  a  diving  helmet  and  ^lass-bottomed 
boats,  the  coral  and  sponge  fauna  and  the  algal  flora  of  the  sea-bottom 
in  the  region  suffered  great  changes  and  in  some  places  on  the  bottom 
imm^ise  windrows  of  broken  corals  may  still  be  seen  which  wa% 
mashed  and  heaped  up  by  the  force  of  giant  wind-driven  waves. 

The  temperatiu^  of  the  Tortugas  is  fairly  constant.  The  variations 
in  January  and  February,  which  are  the  coolest  months,  range  from  60^ 
F.  as  a  minimum  for  these  months  to  75°  F.  as  the  maximum ;  in  June, 
July,  and  August,  which  are  perhaps  the  hottest  months,  the  minimum 
is  77''  F.  and  the  maximum  88°  F.  The  Key  West  records  show  the 
average  annual  temperature  to  be  76.8°  F.  and  for  the  entire  period 
over  which  the  records  extend — i.  e.,  1871  to  1913  inclusive — ^the  maxi- 
mum was  100°  F.  and  the  minimum  41°  F.  For  Miami  the  mean 
annual  maximum  temperature  is  80°  F.  and  the  minimum  is  68°  F.; 
that  is,  the  annual  mean  temperatiu*e  is  slightly  lower  than  that  of  ibe 
Tortugas  and  the  southern  keys. 
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GENERAL  SKETCH  OF  THE  VEGETATION  OF  THE  TORTUGAS. 

On  ecologic  and  geologic  grounds  the  Florida  Keys  have  been  divided 
into  four  groups  by  Small  :^ 

(1)  The  upper  sand  keys,  which  are  really  detached  portions  of  the 
coastal  peninsula  and  support  a  sand-dune  and  hammock  flora  closely 
rdated  to  the  mainland. 

(2)  The  Upper  Kejrs,  extending  from  Soldier  Key  to  Spanish  Har- 
bor, and  which  are  composed  of  a  coral  rock.  These  have  a  vegetation 
of  tropical  hardwood  trees  and  shrubs  and  pahns  resembling  those  of 
the  Bahamas  which  lie  slightly  to  the  east  of  them. 

(3)  The  Lower  Keys  from  No  Name  Key  to  Key  West.  These  have 
a  basic  formation  of  Miami  limestone.  The  flora  of  the  group,  accord- 
ing to  Small,  who  has  done  much  systematic  work  in  this  region,  is 
quite  varied,  having  large  areas  of  pineland  and  palms  as  well  as  exten- 
sive hammocks.  This  flora  is  more  closely  related  to  Cuba,  which  lies 
only  90  miles  to  the  south  of  this  group. 

(4)  The  group  most  directly  considered  in  this  paper  is  called  the 
Lower  Sand  Kejrs.  They  are  all  the  keys  lying  west  of  Key  West  and 
are  composed  of  sand  or,  more  strictly,  according  to  the  above  analysis 
of  Vaughan,^of  coarse  calcareous  detritus,  the  remains  of  various  organ- 
isms. Of  these  Lower  Sand  K^rs  Small^  says  'Hhey  are  little  more 
than  sand  bars  and  they  support,  like  the  ocean  side  of  all  the  Florida 
Keys,  only  or  mainly  the  characteristic  strand  flora  of  most  of  the  West 
IncKes.'* 

The  origin  and  relationship  of  the  Tortugas  flora  may  thus  easily 
be  traced  to  the  adjacent  large  islands  of  the  Antilles,  Cuba,  etc.  The 
majority  of  the  plants  in  the  Tortugas  are  easily  transported  by  the 
sea,  as  indeed  are  most  strand  floras. 

A  typical  ecological  formation  in  the  Florida  Key  region  is  the  man- 
grove association,  Rhizophora  mangle^  but  this  association  is  entirely 
lacking  in  the  Tortugas,  owing  to  the  physical  natiu^  of  the  islands. 
In  the  writer's  work  with  Rhizophoraj  he  observed  that  the  floating 
hypocotyls  must  have  a  secure  anchorage,  either  in  the  deep,  soft 
mud  amid  the  entangled  roots  of  a  mangrove  swamp,  or  in  the  clefts 
and  cracks  of  a  coral  rock,  a  mud-flat,  or  oolite  bottom.  The  same 
plummet-like  action  of  a  young  mangrove  hypocotyl  in  boring  a  rest- 
ing-place for  itself  in  soft  mud,  or  in  finding  a  cleft  by  its  twirling  action 
in  the  water-currents,  was  observed  by  Crossland'  on  the  Zanzibar 
reefs.  The  sand  beaches  of  the  Tortugas  do  not  fxunish  the  required 
conditions  for  the  young  viviparous  seedling.    The  lack  of  sufficient 

^BauXi^  J.  K,  Flora  of  the  Florida  Keys.    1913,  m-nr. 

'Vaughan.  T.  Wayland.  The  BuikUng  of  the  Marqueeaa  and  Tortugas  Atolls  and  a  Sketch  of 
the  Geologic  History  of  the  Florida  Reef  Tract.    Carnegie  Intt.  Wash.  Pub.  No.  182,  i>p.  66-e7. 
H>ocBlaad,  C,  Note  on  Dispersal  of  Mangrove  Seedlings,  Annals  of  Botany,  xvn,  p.  267. 
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moiBture  in  the  coarse,  p<nrou8  sand,  together  with  the  dry  winds,  soon 
kills  the  drifted  young  mangrove.  This  has  been  demonstrated  many 
times  in  the  physiological  experiments  of  the  writer  on  Rhunphora  and 
explains  the  absence  of  the  mangrove  association  in  the  Tortugas. 

The  plants  of  the  Tortugas,  living  as  they  do  in  such  uniformly  xaro- 
phytic  conditions  and  on  such  small  areas  of  land,  are  naturally  confined 
to  a  small  group  called  a  strand  flora,  on  account  of  characteriBtic 
species  which  occur  on  all  maritime  shwes  and  particularly  tropical 
coasts — such  genera  as  Scavola,  and  even  the  species  IpanuBa  pee-^aprm 
as  found  on  all  tropical  beaches,  as  far  as  the  remote  islands  of  the 
Pacific,  according  to  Guppy^  and  Schimper,*'  the  latter,  in  his  Plant 
Geography,'  in  his  classification  of  tropical  littoral  formations  calls  the 
open  sandy  formation  a  ^'pes-caprse  formation";  Harshbarg^  also 
includes  a  great  many  species  found  scattered  all  over  the  Tortugas  in 
his  treatment  of  sea-stnmd  formations  in  South  Florida,  from  which, 
however,  the  Florida  Keys  are  excluded. 

Broadly,  it  may  be  said  that  the  entire  flwa  of  the  Tortugas  is  a 
strand  flora,  but  to  the  close  observer  these  plants  are  easily  seea  to 
fall  into  certain  associations  or  groups  of  several  species.  The  reason 
for  this  grouping  of  species  in  a  fairly  uniform  flora  the  writer  believes 
to  be  due  to  two  factors:  first,  the  prevailing  winds,  which  frequ^itly 
carry  dense  salt  spray  or  mist  inshore,  and  certain  of  these  strand 
plants  are  better  able  to  withstand  this  drenching  with  a  rather  strong 
solution  of  sodium  chloride  and  magnesium  and  calcium  carbonates,  of 
which  latter  salts  the  sea-water  contains,  in  this  region,  fairly  high  per- 
centages;^ second,  the  aggressiveness  of  certain  species  and  the  ability 
to  hold  a  position  occupied  by  them  against  invading  species — ^fcn: 
instance,  few  plants  will  advantageously  invade  an  area  occupied  by 
Opuntia,  even  though  the  surface  is  not  entirely  covered  by  its  sprawl- 
ing joints. 

The  writer,  then,  recognizes  four  fairly  marked  associations  in  the 
general  Tortugas  flora  of  strand  plants:  (1)  the  Untola  community; 
(2)  the  Suriana  community;  (3)  the  Opuntia  community;  (4)  ihe 
ChanuBsyce  community. 

The  first  association,  the  Untola  community,  is  rather  heterog^ieous 
and  varies  slightly  on  different  beaches,  depending  on  the  conditions  in 
rough  weather  and  the  prevailing  winds.  The  lowest  on  the  beach  and 
close  to  the  high-tide  limit  is  CakHe  lanceolata  (Wildenow)  O.  E.  Schuls. 
The  dried  stalks  of  this  may  be  seen  in  July,  and  during  August  they 

Hjuppy,  H.  B.,  Obaervations  of  a  Naturalist  in  the  Pacific.     1913. 

Whimper,  A.  F.  W.,  Die  Indo-Malayisehe  Strandflora. 

'Schimper,  A.  F.  W.,  Plant  Qeogi^hy  upon  a  Phyjriological  Baais.     1903,  p.  387. 

^Hanhberger,  J.  W.,  The  Vegetation  of  South  Florida.  Wagner  Institute  of  Scienoe,  Phila- 
delphia, 1914,  vol.  yn,  pt.  3. 

*Mayer,  A.  G.,  Annual  Report  of  Director  of  Department  of  Marine  Biology,  Carnegie  Inst. 
Wash.,  1910,  Year  Book  No.  9,  p.  122,  quoting  from  Report  on  Analysts  of  Tortugas  Se»-Water, 
by  Division  of  Ph3rsical  and  Chemical  Research,  U.  S.  Qeol.  Surv^. 
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are  uprooted  and  blow  about  the  beaches  as  tumble-weeds.  Growiog 
with  CakQe  is  the  sandnspur,  Cenchrua  incertus  M.  A.  Curtis,  which 
forms  large  flat  mats  on  the  beaches,  bearing  its  spikelets  in  a  heavy 
spiny  involucre,  makii^  a  painful  wound  if  stepped  upon.  Associated 
with  this  in  dense  masses  the  sea  purslane  {Sesuvium  partulacastrum  L.) 
is  often  seen;  resembling  it  superficially  is  AUemanthera  marilima  St. 
Hildmann.  Back  from  the  reach  of  spray  is  Sporobolna  virginicus  (L.) 
Kunth;  frequently  out  in  line  with  it  is  Toum^ortia  gnaphalodes  (Jac- 
quin)  R.  Brown,  forming  large  characteristic,  flat-topped  bushes  1  to 
1.5  meters  tall,  clothed  with  soft,  whitish-gray,  tomentose  leaves.  The 
long,  trailing  vines  of  the  purple  beach  morning-glory,  Ipomoea  pes-capr<B 
(L.)  Sweet,  are  found  here,  and  also  Scasvola  plumieri  Vahl,  in  clumps 
with  thick,  glossy  leaves,  nauseating  black  berries,  and  white  blossoms 
with  the  peculiar  corolla  split  down  one  side  and  the  odd  ciliated  indu- 
sium  on  the  stigma.  This  last  is  one  of  the  most  singular  of  all  the 
plants  of  the  region.  On  the  higher  portions  of  the  beaches  and  a 
meter  or  two  back  from  the  water-line,  sea  oats,  Uniola  panicuiala  L., 
will  be  observed,  a  grass  about  2  meters  tall,  with  a  gracefully  drooping 
panicle  of  heavy  spikelets.  This  grows  in  rather  close  formation  over 
large  areas,  forming  thick  tufts  as  it  grows  from  season  to  season,  and 
the  dead  culms  remain  clustered  about  the  living  ones. 

The  most  important  association  in  the  Suriana  group  covering  very 
large  tracts,  is  formed  by  the  bay  cedar,  Suriana  maritima  L.,  a  shrub 
of  the  Geraniales  order,  1  to  2  meters  tall.  The  deep  green  of  this 
shrub  forms  a  pleasant  and  lively  contrast  to  the  shore  plants  covered 
with  gray  tomentum,  as,  for  instance,  Toumefortia.  With  Suriana,  and 
often  climbing  up  over  it  and  hiding  its  small  yellow  star-shaped  blos- 
soms, is  the  beach  bean,  Canavalia  lineata  (Thunberg)  De  CandoUe. 
A  common  epiphyte  on  Uie  lower  branches  of  the  Suriana  bushes  is 
the  lichen  Usnea  barbata  L.,  with  its  small  gray  branches  sticking  out 
like  a  sort  of  a  mossy  covering  on  the  twigs. 

The  third  association  is  the  Chamcesyce  group,  which  also  covers 
large  areas  on  some  of  the  kejrs,  its  members  gi'owing  in  situations 
not  so  suitable  for  the  previous  group.  The  chief  component  of  the 
association  is  Chamcesyce  buxifolia  (Lamarck)  Small.  This  spurge  forms 
tracts  thickly  covered  with  its  small  gray-green  boxwood-like  leaves 
and  tough  brown  stems  filled  with  abundant  latex.  The  rooting  sys- 
tem of  the  plant  is  remarkable;  a  small  individual,  only  3  decimeters 
tall,  may  have  a  root  system  9  decimeters  in  diameter,  and  were  the 
plants  growing  in  a  soil  less  loose  and  coarse  than  the  Tortugas  sand 
they  could  scarcely  be  pulled  up  by  a  strong  man.  An  ally  of  the 
ChamcBsyce  is  a  composite,  the  marsh  elder,  Iva  imbricata  Walter, 
which  forms  a  rather  tall  bush,  about  10  to  15  decimeters,  with  small, 
light-green  succulent  leaves,  which  have  a  rather  pleasant  bitter,  acrid 
odor  and  heads  of  yellowish,  inconspicuous  flowers.    A  third  member 
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of  this  group  is  a  sedge,  Cyperus  hrunneus  S.  Watson,  fcmning  con- 
spicuous tufts  of  grayish  foliage  overtopped  by  the  deep-brown 
inflorescences. 

The  fourth  association  is  the  OpunHa  community.  This  is  made  up 
mostly  of  Opuntia  diOenii  (Ker)  Haworth  and  Paspabum  aeepitoeum 
Flugge,  a  rather  coarse  grass  about  4  decimeters  tall,  the  branched 
inflorescence  prolific  with  dark-brown,  disk-shaped  seeds.  Frequently 
occurring  in  this  association,  and  also  to  some  extent  in  the  Chanueeyce 
community,  are  three  species  common  in  the  Tortugas:  (1)  the  Ipomosa 
pee^aprm;  (2)  its  more  beautiful  relative,  the  white  moon-flow^, 
Cahnyction  tuba  (Schlechtendal)  Colla,  which  makes  a  most  wond^ul 
effect  in  the  brilliant  tropical  moonlight  with  its  large  salver-shaped 
corollas  Btarring-over  the  clumps  of  Opuntia  or  other  supporting  vege- 
tation, half  hidden  in  its  enveloping  heart-shaped  foliage;  (3)  MeUm- 
thera  brevifolia  O.  E.  Schultz,  a  scrubby  composite  about  6  decimeters 
tall,  bearing  inconspicuous  whitish  blossoms,  but  during  the  hot  mid- 
dle portion  of  the  day  they  aro  constantly  surrounded  by  hosts  of  a  tiny 
butterfly,  Thecla,  whose  source  of  food  is  the  nectar  of  these  little 
flowers.  Into  the  above  four  groups  the  predominating  species  of  the 
Tortugas  may  be  said  to  fall  naturally  on  account  of  the  influence  of 
various  factors  in  the  environment  or  those  inherent  in  the  plante 
themselves. 

DISTRIBUTION  OF  SPECIES  AMONG  THE  KEYS  OF  THE  GROUP. 

Only  one  other  paper  previous  to  the  publication  of  the  present  one 
has  dealt  with  the  ecology  of  this  region,  viz,  a  series  of  maps  with  field- 
notes  collected  by  E.  O.  Lansing  in  the  spring  of  1904,  and  published 
by  Millspaugh  in  1907.^  This  work,  while  fairly  acciurate  and  detailed, 
was  compiled  from  notes  evidently  made  in  a  very  rapid  survey  of  the 
islands,  and  in  the  four  days  (March  19  to  22  inclusive)  allotted  to  the 
Tortugas  group,  the  collector  naturally  overlooked  many  important 
minor  features  in  the  flora.  For  instance,  evidence  of  haste  is  seen 
in  overlooking  the  groups  of  sisal  hemp.  Agave  eisalana  (Engelmann) 
Perrine,  among  the  bay  cedars  on  Loggerhead,  very  old  plants  which 
were  there  even  in  the  time  of  the  third  predecessor  of  the  present 
light-house  keeper,  about  26  years  ago;  also  on  the  same  key  numerous 
clumps  and  patches  of  Opuntia  diUenii  among  the  Suriana  were  not 
observed.  Only  one  station  for  this  plant  is  given  for  Loggerhead,  vis, 
on  the  west  coast  near  the  light-house  boat-shed,  but  the  writer  found 
it  disseminated  fairly  well  over  the  island  in  patches  of  old  plants,  often 
a  meter  high.  These  patches  have  certainly  been  there  since  the  foim- 
dation  of  the  Laboratory  of  the  Carnegie  Institution  of  Washington  on 

^Mfllspauch,  C.  F.,  Flora  of  the  Sand  Keys  of  Florida.      Field  Columbian  Museum  Publica- 
tion 118,  Bot.  Series  n,  No.  5. 
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the  key  in  1904,  according  to  statements  of  Dr.  A.  G.  Mayer,  the 
Director  of  the  Laboratory,  and  the  aged  appearance  of  the  plants 
supplements  his  statements.  But  in  spite  of  these  discrepancies,  the 
paper  has  been  of  great  interest  to  the  writer,  and,  as  Millspaugh  says 
in  a  short  introduction,^  p.  191 : 

''The  principal  value  of  the  survey  lies,  therefore,  first,  in  the  historical 
record  of  the  present  flora,  which  should  enable  futiu^  students  to  determine 
which  species  have  come  to  the  different  islands  since  1904  and  which  have 
been  unable  to  survive;  second,  in  the  knowledge  of  what  species  come  first  to 
such  microcosms,  thus  forming  a  basis  upon  which  to  judge  of  the  ease  or 
difficulty  of  dispersion  exhibited  by  certain  species,  and  third,  how  and  in  what 
conformation  species  spread  when  brought  into  an  untainted  environment." 

The  paper  has  thus  been  of  great  value,  to  show  what  changes 
have  taken  place  in  the  flora  of  the  Tortugas  in  the  twelve  years  which 
have  elapsed  since  Mr.  Lansing's  survey — i.  e.,  from  1904  to  1915. 

The  writer  spent  the  two  sunomers  of  1915  and  1916  at  the  Laboratory 
in  the  Tortugas,  taking  field-notes,  making  some  ph3rsiological  experi- 
ments on  the  plants,  and  working  on  the  maps  and  collections  of 
herbariimi  material.  The  herbariimi  specimens  have  all  been  de- 
posited in  the  Herbarium  of  the  University  of  Pennsylvania. 

The  scope  of  this  paper  has  been  confined  to  the  Tortugas  group 
because  they  are  the  most  isolated  of  the  Florida  Keys  and  their  flora 
is  strikingly  different  from  that  of  the  Marquesas,  25  miles  to  the  east, 
and  also  from  that  of  the  keys  to  the  east  of  this  latter  atoll.  The  most 
conspicuous  feature  of  this  difference  is  the  absence  of  the  mangrove 
association  to  any  considerable  extent  in  the  Tortugas,  although  Gar- 
den Key  has  a  few  well-grown  yoimg  trees  which  in  the  summer  of  the 
writer's  residence  in  the  islands  produced  flowers  and  fruits.  Another 
reason  was  that  while  the  writer  had  the  opportimity  and  did  visit  and 
take  notes  on  the  keys  above,  as  well  as  west  of  Key  West,  the  longer 
periods  spent  in  the  Tortugas  afforded  much  closer  observation  and 
facilitated  the  seeming  of  experimental  data.  His  work  on  the  other 
keys  was  largely  or  entirely  concerned  with  mangroves,  some  phjnEd- 
ological  aspects  of  which  have  engaged  his  attention  for  several  years. 

The  distribution  of  species  on  the  various  keys  of  the  group  is  illus- 
trated by  maps  made  in  the  field  by  the  author  with  the  aid  of  a  plane- 
table  and  sitting-rule.  The  outline  map  was  made  in  the  survey  of 
the  group  in  1914  and  1915  by  Vaughan  and  Shaw.^  The  various  keys 
will  now  be  taken  up  separately  and  the  species  illustrated  by  qrmbols 
on  the  distribution  maps.  A  comparison  is  made  in  each  case  with 
Lansing^s  survey. 

'Mfll^MMigh,  a  p.,  Flom  of  the  Sand  Keys  olFloridA.  Field ColombiAn  Mntenm,  PtobMea- 
Uon  118,  Bot.  Series  n.  No.  6. 

*VMi|^uuk,  T.  W.,  end  E.  W.  Shew,  Qeologio  Inveetigatione  of  the  Florida  Reef  IHet  Car- 
nette  Inet.  Wedi.,  1916,  Year  Book  No.  14,  p.  232. 
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LOGGERHEAD  KEY. 

This  is  the  largest  of  the  Tortugaa  groap  and  also  the  highest  above 
sea-levd  and  according  to  tradition  it  had  in  earlier  times  the  largest 
stand  of  trees.  Old  fishermen  (and  the  report  was  current  in  the  times 
of  the  older  light>-hou8e  keepere)  state  that  75  or  80  years  ago  tlus 
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Lonetfaead  Key,  iiho«rmg  buildioga  of  tlie  laboratoiy  on  the  north  eod  and  of  the 
light-house  an  the  south.  Walks  and  pathe  are  indicated  by  Unea.  Ooe  inch 
vonc-fi(tJi  Btstuto  mile. 

island,  as  well  as  Garden  Key  and  others  of  the  group,  supported 
a  large  stand  of  old  white  buttonwood  trees,  Conocarpus  erectus  L. 
These  were  lai^ly  cut  down  by  fishermen,  who  occasionsily  camped  for 
perhaps  several  weeks  or  months  in  the  Tortugas;  fires  also  are  siud  to 
have  had  their  share  in  devastating  this  old  silvan  flora.  The  central 
group  of  very  old  and  laige  buttonwood  trees  in  the  parade-ground 
of  Fort  Jefferson  on  Garden  Key  is  the  only  remnant  of  this  supposed 
abfoiginal  silvan  flora. 
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The  booby,  a  kind  of  gannet,  is  said  to  have  inhabited  these  islands, 
but  has  disappeared  with  the  passing  of  the  trees.  Old  fishermen 
relate  that  men,  armed  with  clubs,  would  stealthily  creep  into  the 
groves  of  buttonwood  at  night  and  kill  perhaps  hundreds  of  these 
birds  out  of  pure  wantonness,  as  they  had  little  or  no  economic  value. 
The  same  wanton  spirit  which  eradicated  the  Conocarpus  groves  and 
the  "boobies"  in  these  islands  has  been  shown  by  the  people  of  the 
region  in  regard  to  the  manatee,  which  is  now  nearly  extinct  in  these 
waters;  the  large  green  and  loggerhead  tortoises  are  also  fast  disappear- 
ing, due  to  a  custom  of  eating  the  eggs  and  killing  the  females.  During 
the  breeding-season  of  1916  not  over  6  females  were  reported  in  these 
islands  as  coming  in  to  lay,  and  two  of  these  were  killed  after  laying  and 
the  entire  settings  of  eggs  taken,  whereas  even  ten  years  ago  it  is  said 
that  as  many  as  a  dozen  females  came  up  on  the  beach  in  one  night  to 
lay  on  Loggerhead  Key. 

The  vegetation  of  Loggerhead  is  remarkably  free  from  the  common 
tropical  weeds  when  compared,  for  example,  with  Garden  Key.  This 
is  probably  because  this  island  has  never,  since  its  first  permanent 
occupation  75  years  ago,  been  brought  into  frequent  contact  with  the 
mainland  by  ships,  men,  or  animals,  except  for  a  few  months  shortly 
after  the  Civil  War,  when  a  quarantine  camp  was  established  for  the 
marines  brought  over  from  Fort  Jefferson  during  an  epidemic  of  yellow 
fever.  The  only  permanent  residents  now  are  the  keepers  of  the  light- 
house; while  the  monthly  call  from  Key  West  of  the  cutter  of  the  Light- 
House  Establishment,  which  rarely  lasts  over  2  hours  at  Loggerhead 
Key,  does  not  seem  to  have  served  for  the  introduction  of  homovectant 
plants. 

A  glance  at  the  distributional  map  of  Loggerhead  will  show  that  two 
of  the  four  associations  mentioned  above  are  represented  in  the  island, 
the  Suriana  community  predominating  and  the  Opuntia  association 
supplementing  it.  A  photograph  taken  from  the  top  of  the  light-house 
shows  the  vegetation  to  be  distributed  in  sharply  defined  areas  follow- 
ing irregular  outlines.  It  is  supposed  that  some  of  the  central  areas 
now  occupied  by  the  Opuntia  formation  (see  plate  3)  was  cleared  of 
the  dense  growth  of  Suriana  by  the  marines  and  soldiers  who  camped 
there  diuing  the  epidemic  of  yellow  fever  mentioned  above,  but  the 
irregular  outline  and  the  isolated  patches  of  Opuntia  among  the  Suriana 
show  that  other  agencies  than  man  have  helped  to  clear  portions  of  the 
island. 

As  remarked  before,  the  Suriana  does  not  withstand  a  drenching  of 
sea-water  very  successfully,  the  tomentum  of  the  leaves  holding  the 
water  until  its  toxic  effect  is  produced  on  the  leaf-tissue.  The  great 
hurricanes  of  the  past  must  undoubtedly  have  had  their  share  in  cutting 
out  some  of  the  swathes  in  the  Suriana  conmiiuiity.  In  the  list  of 
species  and  on  the  map  also  some  large  introduced  plants  appear, 
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which  add  oonspicuous  features  to  the  Iand8ci4)e  and  perfaape  have 
an  influence  on  the  native  flora  by  producing  shade  and  consraring 
water,  etc.  Examples  of  these  are  IJie  coconut  pahns,  the  Caeuanna 
trees,  the  papaws,  and  the  figs  planted  about  the  building  and  garckns 
of  the  light-house  and  laboratory;  others  are  the  HymenocatUs,  the 
oleanders  and  HUnecue^  Theepeeia,  aloes,  yuccas,  PedUanthus,  and 
Asparagtie.  All  of  these,  but  more  particularly  the  coconuts,  papaws, 
casuarinas,  and  HymenocaUie^  have  been  liberally  planted  about  the 
laboratory  grounds.  A  noticeable  effect  of  these  introduced  plants  was 
the  increase  in  the  number  of  plants  and  the  size  and  vigor  of  the  foliage 
in  Boerhaavta  viscoaa  when  it  grew  under  these  trees  or  tanked  among 
the  HymenocaUis  plants  along  a  concrete  walk  leading  to  the  wind- 
pump  shed  at  the  laboratory.  Another  example  was  seen  in  the  greater 
luxuriance  of  Chamcssyce  and  Iponuza^  when  growing  near  the  slight 
shade  thrown  by  the  coconuts,  the  newer  shoots  of  Ipomcea  being  more 
slender  and  tender  than  when  growing  in  their  accustomed  habitat  on 
the  beach  in  fierce  sunlight.  These  introduced  plants,  with  the  excep- 
tion of  the  C0CO8  and  HymenocaUis,  have  been  brought  in  and  planted 
by  the  Director  of  the  Laboratory  and  have  (plate  4)  maintained 
themselves  fairly  well  in  such  a  difficult  environment,  although  only 
Caeuarina  has  reproduced  and  seeded  in.  This  Australian  plant  seems 
to  thrive  remarkably  in  these  islands.  The  Htbiacus  about  holds  its 
footing  when  planted,  but  Theepesia  and  Carica  seem  to  decline  if 
not  watered  artificially. 

An  interesting  point  in  a  study  of  the  Loggerhead  flora  is  the 
comparison  of  Lansing's  maps  with  the  present  ones.  According  to 
Lansing,  the  island  was  mainly  occupied  by  bay  cedar.  Millq>augh 
also  mentions  this  fact,^  and  states: 

"  Its  central  plateau,  like  that  of  Bird  Key,  is  entirely  implanted  with  a  pure 
Suriana  group,  the  individuals  of  which  are  about  6  feet  high.  The  vegeta- 
tion of  the  islet  presents  no  association  whatever,  all  its  species  being  de- 
mentally  scattered  subtropic,  maritime  'weeds.'  Evea  the  usually  aasodated 
Uniola  and  Euphorbia  [Chanueeyce]  appear  as  far  separated  as  the  limits  of  the 
surface  will  allow." 

The  author  is  convinced  that  TAnaing  overlooked  the  old  patches  of 
Opuntia  hidden  in  the  dense  growth  of  ^Suriana,  as  well  as  the  v^ry  dd 
groups  of  sisal,  but  aside  from  this  the  appearance  of  the  island  is  mudi 
changed  in  the  past  12  years*  The  spurge,  Chamcssyce  huxifoUa,  has 
not  changed  its  position  or  quantity,  but  the  Uniola  is  now  found  with 
it  in  its  station  on  the  northwest  comer  of  the  island  as  well  as  along  the 
east  shore,  and  very  plentifuUy  on  the  southwest  shore.  Itfa  imbrieata 
seems  now  to  have  disappeared  from  Loggerhead.  Portulaca,  now  as 
then,  is  found  only  around  buildings  both  at  the  light-house  and'abo  at 

>Mi11ipiigh,  C.  F.,  Flarm  of  Uie  SmmI  Ki&yu  of  Florida.      Field  Oohimbimn  MoMiim  PtthBortion 
118,  Bot.  Scries  n.  No.  5. 
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the  laboratory.  Metanthera  brevifolia  has  migrated  all  along  the  path 
leading  to  the  laboratory  end  of  the  key  and  has  also  spread  into  the 
association  of  Opuntia,  while  Cyperua  and  Calonyction  occur  over  the 
central  portion  cleared  of  Suriana.  The  old  grove  of  Sebesten  {Cardia) 
has  not  changed  in  area  or  spread.  HymenocaUis  is  now  disseminated 
fairly  well  over  the  island,  having  been  planted  largely  along  all 
the  walks  and  paths,  as  well  as  the  coconuts  and  Caaiiarina.  Salvia 
serotina  is  foimd  only  about  the  light-house,  and  Capraria  biflora  is  not 
widely  scattered.  The  shrub  Cerbera  ihevetia  (which  has  been  planted 
for  the  decorative  effect  of  its  beautiful  yellow  blossoms)  and  the 
weeds  Poinaettia  pinetorum  and  P.  cyathophora  were  probably  intro- 
duced with  soil  brought  from  the  mainland  of  Florida. 

In  summarizing  the  distribution  on  Loggerhead  and  comparing  it 
with  Lansing's  account,  the  most  conspicuous  facts  are  the  disappear- 
ance of  a  large  amount  of  Suriana  from  the  central  portion  and  the 
spread  into  this  area  of  the  Opuntia  group,  the  increase  of  Uniola,  and 
the  disappearance  of  GuiUmdina  {Ccesalpinia)  crista,  Iva  imbricata,  and 
Trihulua  cistoides.  The  appearance  of  the  island  is  changed  on  account 
of  the  large  number  of  trees  and  shrubs  and  other  plants  introduced  for 
decorative  and  utiUtarian  purposes.  A  comparison  of  the  lists  also 
shows  various  differences  in  nomenclature  due  to  synonymy,  together 
with  one  systematic  discrepancy,  viz,  Cakile  fusiformis,  as  listed  by 
Lansing  and  Millspaugh,  is  evidently  C.  Umceolata  (Wild«)  O.  E.  Schulz. 
C.  fusifofmiSj  while  indigenous  to  the  keys,  has  not  been  noted  in  the 
Tortugas.  -  The  number  of  seeds  in  the  pods  of  the  Tortugas  species 
place  it  as  C.  lanceolata.  The  total  number  of  species  on  the  island  at 
present  is  41,  as  compared  with  Lansing's  list  of  24. 

BIRD  KEY. 

Bird  Key,  which  is  considerably  smaller  than  Loggerhead,  is  only 
about  500  feet  long  by  300  feet  broad  and  is  now  a  government  bird 
reservation  for  the  sooty  and  noddy  terns.  These  birds  nest  on  this 
small  island  during  the  summer  months.  During  the  breeding-season 
for  many  years  this  key  has  been  almost  covered  by  these  terns,  which 
are  now  protected  by  the  United  States  Government  and  the  Audubon 
Society,  and  for  this  purpose  a  warden  is  stationed  on  the  island  from 
April  to  the  end  of  August. 

The  writer  can  scarcely  estimate  the  effect  produced  upon  the  vege- 
tation of  the  island  by  the  presence  of  the  birds  in  such  large  numbers 
during  the  summer  and  in  recent  years  of  the  warden,  but  as  the  birds 
live  entirely  on  fish  and  the  warden  does  nothing  to  change  the  physical 
character  of  the  key  these  influences  do  not  seem  to  be  of  great  inq>or- 
tance;  but  since  Lansing's  survey,  in  March  1904,  a  considerable 
change  must  have  taken  place. 
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Shoiily  after  the  Civil  War,  during  the  outbreak  of  yellow  fever  in 
Fori  Jefferson  on  the  adjacent  Garden  K^,  Bird  Key  was  used  as  a 
hospital  site  and  several  buildings  w&re  ^"ected  for  the  puri>ose,  but  we 
have  no  means  of  knowing  what  plants  the  k^  supported  in  that  time, 
but  it  was  probably  during  that  occupation  that  Partuiaca  oleracea  was 
introduced,  now  so  pn^c  on  the  island.  According  to  Lansing,  the 
island  was  largely  covered  with  jSuriana,  but  if  any  plant  predomin- 
ates now  the  author  would  say  it  is  Chamaeyoe  huxifoUa.  The  Suriana 
is  now  confined  to  scattered  groups  in  the  northern  and  southon  por- 
tions of  the  island.    The  center  is  occupied  by  masses  of  OpwfiHa  and 
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■  5.  Hymtnocallii  etynuuMasis. 

HL  6.  Ira  imbrkftta. 

O  7.  Opontia  dilknii. 

H,  8.  Poitolaca  oleraeea. 

O  9.  Scaevolaphimieri. 

T  10.  Sesuvium  portulacastnun. 

M  11.  Suriana  maritiitta. 

T  12.  Touretfortia  giiiM[)hak)d6B. 

V  13.  Uniola  paniculata. 

Bird  Key,  with  ouUinw  oC  old  hospital  and  Bird  Warden's  cottage. 
Two  inches  » one-fifth  statute  mile. 

large  quantities  of  Chanujesyce  and  Iva  imbricata;  CakUe  and  Cenchrus 
incertus  are  plentiful  along  the  beaches,  particularly  of  the  eastern  side. 
Toumefortia  is  abundant  all  about  the  edges  of  the  inner  vegetation. 
It  seems  to  follow  the  contour  of  the  shore,  but  keeps  back  from  spray 
and  salt  mist.  The  eastern  beach  is  largely  crowded  with  the  gray 
bushes  of  Toumefortia.  Cyperus  and  Uniola  are  found  most  plenti- 
fully on  the  southeastern  tip  of  the  key,  but  only  in  tufts  and  small 
areas.  Around  the  warden's  cottage  and  the  old  hospital  building  are 
several  well-grown  coconut  palms,  which  have  been  planted  since 
Lansing's  survey.  Near  the  buildings  also  are  several  large  clumps  of 
Sesuvium  portulacastrwn,  while  Portulaca  oleracea  is  particularly  well 
scattered  on  the  northwestern  shore. 

The  dominant  community  on  the  key  is  the  CharruBsyce-Iva  associa- 
tion and  the  noteworthy  changes  on  the  island  are  the  ascendency  of 
this  group,  the  decline  of  the  Suriana  (partly  due  to  storms),  the  disap- 
pearance of  Paspalum,  and  the  introduction  of  Iva,  Cocos  ntunfera,  and 
HymenocaUie  caymanensiSj  the  latter  two  plants  having  been  planted 
by  man. 

The  present  number  of  species  for  Bird  Key  is  14,  as  against 
Lansing's  list  of  12. 
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GARDEN  KEY. 

This  ialand  is  the  second  largest  in  the  group  and  to  a  conaidemble 
extent  is  occupied  by  that  antiquated,  massive  old  brick  structure, 
Fort  Jefferson  (plate  4).  Almost  all  the  history  and  tradition  of  this 
remote  group  of  islands  centers  about  Garden  Key  and  the  fort.  As  a 
fitting  corollary  to  this,  it  also  has  the  largest  and 
richest  flora  in  point  of  species  of  any  of  the  keys. 


JK  1.  Ahanwntben  maritimi. 
y  Z.  ArgoiMiK  IriocMin. 
't'  3.  Atriplex  criittU. 
9  4.  Avicennianitidi. 
•I-  S.  Cakile  lanreoUU. 
I,  t.  (Mmyaioa  tuba. 
O  1.  Cuuvili  lineats. 
3  e.  CapHola  dsctylun. 
A  9.  Coidinis  incntu*. 
•   10,  Chanuevn  buxifolta. 

2  II,  ChamMsyce  hyperieifolit. 
I     IZ.  Cyperus  bninn«iii. 

^   19.  GlotUdiuni  vesunum 
OD,  14.  GuilandinacriiU, 

■  IS.  HirnwnociUis  caymuimgiit. 
yt   la.  Iporaoa  pct-opnc. 
J(   IT.  Iva  imbricata. 
D   IS.  LepMinm  liixinioim. 
fi{   19.  Uptilon  omideiue. 
I    20.  Hetanliwia  bnvifol^a. 
O  21.  Oimntia  diDotii. 

■  2Z.  Paipahim  caeapitoum. 
il  23.  PorttUica  oteraeea. 
.L  21.  RtdnM  eommuiiit. 

V  2S.  RhiniiKra  manik. 

3  J6.  Scaevda  plumicri. 
A  Zl.  Scsuvium  portulacaitnim. 
Dh  IS.  Sondiui  olenaui, 
fi  29.  Sporobohii  Tiiginicua. 
3E  30.  SuhBM  marilima. 
K.  31,  Syrtberisna  roarzinatum. 

V  32.  Thcqtnia  poi)ubwa. 


A  36-  Valtrianoida  janakoiw. 


A  glance  at  the  map  shows  that  the  island  on  the  northeast  fflde  pro- 
jects beyond  the  walls  of  the  fort  by  a  short  arm,  with  the  ruins  of  a 
series  of  coal-sheds  and  loading-trestles  on  its  eastern  side. 

The  southern  side  has  quite  a  large  extension  outside  the  walls  and 
on  it  are  likewise  ruined  coal-eheds,  a  covered  dock,  and  several  old 
sheds,  formerly  prnnping-housee,  etc.;  this  portion  also  has  the  lai^er 
number  of  species.    This  is  probably  due  to  the  fact  that  it  is  Ui^ 
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than  the  northern  projection  and  hence  had  a  larger  number  of  build- 
ings and  people  on  it,  and  also  to  the  fact  that  the  dock  is  on  this 
southern  side  and  all  persons  and  commodities  entering  the  fort  passed 
over  this  strip  of  land  to  the  sally-port. 

The  northern  strip  or  arm  of  the  island  has  a  well-mixed  assemblage 
of  species,  in  which  Toumefcrtiay  Ipomcea,  and  CanavdUa  predominate, 
with  some  C/ntoIa,  SccBvola,  and  Iva.  Over  a  tangled  mass  of  iron  rods 
and  girders,  the  ruins  of  a  loading-crane  at  the  coal  sheds,  there  is  a 
luxuriant  growth  of  Calonyctian  and  several  stout  young  bushes  of 
Outlandina  crista.  Scattered  along  the  western  side,  near  the  moat, 
are  numerous  Leptilon  canadense  plants. 

On  the  eastern  side  of  the  fort,  outside  of  the  east  coal-sheds  on  the 
narrow  strip  of  soil  between  the  moat  and  the  beach,  there  was  an 
extensive  area  of  Glottidium  veacarium  plants,  very  luxuriant  and  of 
stout,  tall  growth.  Just  at  the  southwest  comer  of  these  eastern  coal- 
sheds  are  two  well-grown  Rhizaphora  mangle  trees,  about  2  meters  tall, 
which  had  flowers  and  fruits  in  1916.  On  this  strip  also  occm*  Sparobch 
lu8,  SccBifola,  Suriana,  Chamcssyce,  Iva,  and  a  few  plants  of  Calonyctum. 

As  the  southeast  comer  of  the  fort  is  approached,  the  increase  in 
species  is  apparent  as  one  gets  nearer  the  walk  leading  to  the  sally-port. 
In  addition  to  the  above  species,  masses  of  AUemanihera  maritifna  and 
Sesuvium  are  seen,  together  wiUi  large  quantities  of  the  rather  showy 
blue-flowered  Valerianoides  jamaicense  and  the  long,  shining,  dark- 
green,  blade-like  leaves  of  HymenocaUia.  Scattered  with  these  are 
Lepidiumf  Argemone^  and  Portulaca. 

Most  of  the  species  lie  to  the  left  of  the  walk  on  going  in  to  the  sally- 
port. Here  are  numerous  grasses,  Paspalunif  SyrMteriama^  Capriola,  as 
well  as  Umola  and  Cenchrus^  which  were  likewise  noted  aJong  the 
eastern  side.  SporoboluSy  also,  is  fairly  abundant  and  some  of  the 
sedge  CyperuB  brunneus.  Near  the  old  tumbled-in  dstem  are  masses  of 
CidonyctUmy  HymenocaUiSf  Ipomcea^  and  the  castor-oil  plant,  Rtcinus 
communisy  resembling  trees,  some  bdng  10  to  15  feet  tall,  and  with  these 
many  plants  of  LeptiUmy  Ipomceay  and  Iva.  Along  the  curving  shore 
between  the  dock  and  the  southern  coal-shed  were  several  young  trees 
of  Thespesia  and  Suriana.  These  are  probably  self-sown  in  the  rather 
sheltered  nook.  Along  the  inner  side  of  the  coal-sheds  among  ballast 
were  many  plants  of  Sonckas  oleracetis  and  Leptilon,  which  are  in  reiJity 
ballast  plants.  Stretching  along  the  ridge  of  sand  on  the  westem  ade 
of  the  southern  projection  is  a  thick  association  of  Uniola  interspersed 
with  LeptiUmy  Cenchrua,  Iva,  and  Canavalia. 

On  the  inner  side,  near  the  moat,  is  a  mixtiu^  of  Bidens  leticantha, 
MelarUhera  brevifolia,  Boerhaavia  viscosay  SccBvoUiy  and  ChamcBsyce.  On 
the  westernmost  side  of  this  area  was  found  the  only  station  for 
Chamceayce  hyperidfolia  in  the  entire  Tortugas.  These  low-tufted, 
grayish  plants  grow  thickly  under  several  ToumeforHa  bushes. 
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Southwest  of  the  southern  angle  of  the  fort  are  several  large  patches 
of  Opuntia  and  a  single  Avicennia  nitida  tree.  This  black  mangrove  is 
the  sole  representative  of  the  species  on  the  island.  Lansing  mentions 
30  of  these  trees  having  been  planted  inside  the  fort,  but  these  must 
have  perished,  for  not  a  vestige  of  them  remains.  This  tree,  which  is 
about  2.5  meters  tall,  is  probably  a  seedling  drifted  in  by  the  waves  or 
from  seed  carried  in  ballast  from  Key  West.  On  the  southern  shore, 
n^ur  the  dock,  are  niunerous  small  patches  of  Atriplex  cristata. 

The  interior  of  the  fort  has  a  large  parade-ground  (plate  4)  and  vari- 
ous building!^  and  ruins.  This  parade-ground  has  been  planted  with 
some  introduced  trees,  as  mentioned  by  Millspaugh,  but  a  curious 
omission  in  that  survey  was  the  grove  of  large  and  old  white  button- 
wood  trees  just  within  the  sally-port.  This  grove  is  quite  large  and  thick, 
and  nimierous  young  seedlings  have  sprung  up  among  the  older  trees. 
While  the  fort  was  a  military  fortress,  then  during  its  period  of  use  as  a 
federal  prison,  later  as  a  quarantine  station  and  coaling-depot,  and  now 
under  the  jurisdiction  of  the  naval  authorities,  up  to  date  the  order 
has  been  handed  along  that  these  old  trees  (the  only  renmant  of  the 
traditional  forest  or  thickets  which  covered  these  islands)  shall  be 
untouched  (see  plate  4). 

Notwithstanding  the  tendency  and  inclination  of  various  care-takers 
of  the  fort  to  cut  down  and  destroy  all  plants  springing  up  inside  the 
fort  and  the  practice  of  biuming  over  the  parade-ground  at  r^ular 
intervals,  and  the  serious  fires  in  the  fort  which  destroyed  the  large 
barracks  and  the  keeper's  cottage,  these  old  trees  have  persisted  to  the 
present  and  are  now  strong  and  healthy.  An  interesting  sport  was 
noted  in  the  grove,  viz,  a  few  young  plants  of  Conocarpua  erectus  var. 
sericius.  This  variety  probably  arose  quite  recently  as  a  genetical 
variation,  very  likely  a  mutation,  as  these  gray  tomentose  trees  are  all 
quite  young  and  have  started  as  seedlings  right  in  the  midst  of  the  old 
trees,  which  all  have  dark-green  and  glabrous  foliage.  The  center  of 
the  old  parade-ground  is  occupied  every  year  by  a  thick  stand  of  the 
weed  Glottidium  veacariumy  which  the  care-taker  tries  to  destroy  by 
burning  over  the  ground  annually,  but  to  no  avail. 

Of  the  trees  mentioned,  there  are  a  few  specimens  of  TerminaUa 
and  a  tamarind  (plate  5)  which  shows  beautifully  the  direction  of  the 
prevailing  wind  by  the  one-sided  development  of  the  tree  after  it  had 
grown  so  tall  as  to  get  the  effect  of  the  winds  sweeping  over  the  para- 
pets. Here  also  about  the  buildings  are  several  Phoenix  pahns,  both 
P.  dadylifera  (see  plate  5)  and  P.  canariensis,  a  number  of  coconuts, 
some  sea-grape  trees,  Cocolobis  uvifera  (which  are  quite  old),  a  number 
of  Thespeaia  trees,  gum-elemi  trc^,  Elaphrium  simaruba,  as  well  as 
Cordia  and  Oleander  bushes.  On  the  west  side  are  several  clumps  of 
Agave  dedpiens  (see  plate  6)  and  in  a  ruined  powder  magazine  there 
has  sprung  up,  with  a  thicket  of  gum-elemi  trees,  a  fairndzed  guava 
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tree,  which  produces  fruit  quite  abundantly,  as  do  also  the  date  palms 
and  tamarind.  The  parade-ground  is  carpeted  with  many  small 
native  weeds,  as  Boerhaaviaf  BidenSf  Ipamota,  etc.,  as  well  as  introduced 
(mes,  Porluiaoaf  Argemane,  Lepidium^  Ricinu8y  DoUchobm  parviflarue, 
Cajan  cajan,  Sida  procumbens  and  S.  carpinifoUa^  Phyla  nodifioraj 
SandiuSf  Leptilon^  etc. 

On  the  earth-covered  ramparts  built  on  the  top  of  the  casemates  a 
number  of  plants  have  secured  an  elevated  and  very  dry  footing. 
These  are  Opuntia,  Melanihera^  CanavaUa^  Valtrianaidee,  SpanMus, 
Chanuxeyce,  Paepalum^  and  BidenSj  and  in  shielded  crevices  several 
good-sixed  trees  of  Elaphrium  eimarvba  have  managed  to  thrive 
(see  plates  4  and  6). 

The  species  listed  on  this  interesting  old  key  are  35,  the  niunber  that 
Tansing  and  Millspaugh  give  for  the  same  area — i.  e.,  for  the  portions 
outside  of  the  fort;  the  parade-ground  is  omitted  as  having  beoi 
too  much  under  artificial  influence  to  be  of  much  importance  in  an 
ecological  study;  but  these  35  species  are  not  identical,  for  9  of  the 
Lansing  species  were  not  obtaii]^  in  this  area  by  the  author,  vix, 
Amaranthus  viridiSj  Cenchrus  echinatuSf  Euphorbia  havaneneia  and  E. 
adenaptera^  Euslachys  petrcM^  Heliotrapum  curassavicunif  Sida  carpini- 
folia  and  S.  diffusa^  and  Capraria  saxifragifoliay  although  the  last 
three  or  closely  related  species  were  found  inside  the  fort.  The  9  new 
species  introduced  into  the  given  area  are  Leptdtum,  OuHandinaf 
Ricinus,  Chamassyce  hypericifolia,  Thespeeia,  Rhizaphora,  Calanyction^ 
Avicennia,  and  Leptilon.  In  cases  of  doubt  concerning  species,  e.  g., 
Sida  diffusa  of  Millspaugh  and  Sida  procumbens  S.  Watson,  as  men- 
tioned in  this  paper,  the  synonymy  could  not  be  exactly  traced,  since 
Millspaugh  did  not  give  the  authors  of  his  species. 

BUSH  AND  LONG  KEYS. 

The  general  map  of  the  Tortugas  shows  that  these  keys  lie  slightly 
west  of  Garden  Key;  they  are  very  irregular  and  are  merely  narrow 
strips  of  sand  and  ridges  of  broken  corals.  During  the  wint^  season  of 
1911-12  the  two  keys  were  united  by  land  connections  due  to  storms,  so 
that  the  outline  is  now  that  shown  in  the  distributional  map  given  here. 
The  western  end  seems  to  have  been  the  longest  elevated  out  of  tlie  sea 
and  supports  the  most  vegetation.  The  eastern  end,  however,  has  U 
bear  the  brunt  of  the  storms  and  the  waves  driven  in  by  the  prevailing 
winds,  and  it  is  perhaps  for  this  reason  that  the  v^etation  is  more  scant. 

Lansing  and  Millspaugh  omitted  treating  this  key  as  being  ''so  low 
as  to  be  awash  during  heavy  weather  and  on  this  account  void  of  vege- 
tation." If  these  conditions  obtained  then  the  keys  must  have  been 
built  up  within  a  year  or  two  after  Lansing's  survey,  since  stem  meaa- 
urements  on  some  of  the  Suriana  and  Toumefortia  bushes  on  this  key 
show  them  to  be  almost  12  years  old  by  comparison  with  plants  of  the 
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same  spedes  from  other  keys.  At  any  rate,  the  flora  of  the  island  is 
quite  varied  and  well  scattered.  Singular  as  it  may  seem,  it  is  on  this 
idand  that  more  young  plants  of  the  red  mangrove  were  found  than  on 
any  other  island  in  the  Tortugas.  The  south  shore  has  many  small 
seedlings  and  in  a  landlocked  tidal  pool  there  is  quite  a  clump  of  older 
mangroves,  which  are  perhaps  3  or  4  years  old  and  seem  to  be  in  a 
flourishing  condition  (see  plate  6).  This  pool  also  contains  a  con- 
siderable school  of  small  fish  and  some  crabs. 

This  key  is  the  main  nesting-place  in  the  Tortugas  for  that  beautiful 
and  graceful  little  sea  bird,  the  least  team.  All  along  the  beach  near 
die  young  _mangrove  plants  one  stumbles  suddenly  upon  the  pairs  of 


)|E  1.  AlUmantbera  DtBntimi 

if  2.  Atriplex  eristite. 

-I-  8.  CakaeluiMolabu 

A  4.  Cndinu  inoertns. 

#  S.  ChuwevM  butifofia. 

I  6.  Cypeiut  tmumeui. 

/;  T.  IpoflMM  pes-capcM. 

9  8.  Rhinvbora  mangle. 

O  9-  ScMv<^  plumieri. 

A  )0.  SenTium  portulieaatn 

3C  41.  Suriana  maritima. 

T  12.  Toumefortia  gnaphaloc 

m  13.  Uniola  panieulata. 

Biuh  aod  Lons  Ktgta.    Two  inohefoae^lli  statute  tnilo. 

speolded  ^^,  which  are  very  difficult  to  see  as  they  lie  on  the  bare 
coral  sand.  Later  the  downy  chicks  are  just  as  difficult  to  perceive,  for 
at  the  approach  of  a  stranger  they  instantly  become  motionlees  balls 
of  gray  fluff.  These  least  terns  are  the  only  birds  nesting  on  the  island. 
The  western  shore  terminates  in  a  long  and  narrow  northern  and 
a  broader  and  more  rounded  southern  arm.  CakUe  and  Cenchrua 
ineertue  grow  along  the  beach  at  scattered  intervals.  Back  of  this  and 
stretching  east  to  the  tidal  pool  is  a  thick  aggregation  of  Uniola, 
Tovm^oriia,  Iva,  and  a  little  Suriatia.  East  of  the  pool  is  a  spaise 
growth  of  Atriplex,  Seawfium,  Iponuxa,  CakUe,  and  AUemanthera, 
South  of  the  pool  and  in  a  line  with  the  highest  tide-levels  are  the  young 
Rhuophora  seedlings.    These  seedlings  and  thoee  about  the  pool  wa« 
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suffident  to  furniflh  the  author  witli  material  for  i^srsiological  work 
during  two  seascms  at  the  laboratory  and  a  large  number  are  still  left. 
From  the  middle  of  this  island  to  the  narrow  tidal  gut  8qMu*ating  the 
eastern  from  the  western  island  tibere  is  again  a  mixture  of  Uniola, 
ToumrforUa^  Cenckrw,  Atriplex,  Semivium,  and  a  little  ScoBVola.  North 
of  the  portion  across  the  inlet  there  is  an  association  similar  to  this 
latter  group,  with  the  addition  of  Cyperus  hrunneua  and  Chameuyce  in 
large  am(mnt. 

Following  the  curve  of  the  western  island  as  it  b^ids  soutii,  the  vege- 
tation as  plotted  on  the  map  is  very  sparse.  It  is  this  diore  whidi  gets 
the  full  sweep  of  the  wind  and  waves  from  the  northwest.  The  surface 
here  is  mostly  heaps  of  coarsely  broken  corals  and  shells,  and  the 


+   1.  Cakile  Umoeolata. 
m  2.  Iva  imbricata. 
O   3.  Scaevola  plumieri. 

Sand  or  Hospital  Key.    Two  inches  ^ 
one-fifth  statute  mile. 


+  1.  Cakile  lanccolat.t. 

Middle  Key.    Two  inches' 
one-fifth  statute  mfle. 


plants  it  supports  are  a  few  Sesuvium  clumps,  Suriana  and  Totime" 
fortia  bushes,  and  Cakile.  The  Suriana  is  seen  only  on  the  leeward  side 
in  the  more  sheltered  coves  of  the  shore.  In  concluding  the  observa- 
tion on  these  islands  one  can  only  state,  in  the  light  of  Lansing's  survey, 
which  records  them  as  barely  emerged  from  the  sea,  that  all  the  above 
vegetation  must  have  appeared  on  them  in  the  12  years  that  have 
passed  since  1904. 

SAND  OR  HOSPITAL  KEY. 

Stretching  eastward  from  Garden  Key  and  separated  from  each 
other  by  almost  equal  distances  are  Sand,  Middle,  and  East  Keys.  All 
three  are  small  and  only  the  easternmost  one.  East  Key,  supports  any 
real  covering  of  vegetation.  Sand  Key,  which  is  also  said  to  have  been 
used  for  hospital  purposes  during  the  yellow-fever  plague  of  the  late 
sixties,  is  only  about  90  feet  long  and  half  as  wide,  and  consists  entirely 
of  blistering  and  glaring  white  coral  sand.    It  was  visited  at  various 
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times  by  the  author  during  1915  and  1916,  and  at  the  first  visit  he 
noted  near  the  central  portion  of  the  key  one  plant  of  Scesvola  and  two 
plants  of  Iva  imbricata.  These  seemed  to  be  growing  and  flourishing. 
During  July,  in  1915,  several  visits  were  made  and  on  the  last  occasion 
only  one  dead  Scasvola  plant  and  several  dead  Cakile  plants  were  found. 
There  was  nothing  alive  on  the  island  but  a  few  hermit  crabs  and  some 
sea  birds  fishing  near  the  beach  at  the  western  tip  of  the  island.  The 
sand  was  so  hot  at  mid-day  that,  after  walking  over  the  idand  a  few 
minutes,  shoes  had  to  be  removed  and  the  circuit  of  the  island  com- 
pleted by  wading.  With  this  incident  as  an  illustratioB,  it  is  seen 
that  only  the  hardiest  plants  can  live  on  these  blistering  siuid  islands. 
In  Lansing  and  Millspaugh's  paper,  Lansing  noted  5  species,  fairly 
well  scattered  over  the  island — Uniola  in  the  north,  Sesumum  in  three 
groups  on  the  east,  and  Iva  along  the  west  shore,  the  central  area  being 
filled  with  Ipomcea  and  Chamcesyce.  Since  March  21,  1904,  then,  the 
whole  island  must  have  been  denuded  of  vegetation  and  the  three 
species  noted  by  the  author  have  come  in  lately.  All  the  iriants  have 
gradually  succumbed  to  the  hard  conditions  on  the  island.  Of  Lan- 
sing's 5  species,  only  Iva  imbricata  was  found  by  the  authw;  Scwvola 
and  Cakile  were  not  reported  by  him  as  being  there  at  that  time. 

MIDDLE  KEY. 

Next  to  Sand  Key,  going  east,  is  Middle  Key,  the  smallest  of  the  Dry 
Tortugas  islands.  It  is  little  more  than  an  oval  patch  of  sand,  about 
80  feet  long  by  50  feet  wide.  Millspaugh  states  that  Tjanstng  found  no 
vegetation  on  Middle  Key  whatever  and  that  it  is  so  low  that,  like 
Long  Key,  it  is  awash  in  rough  weather.  Notwithstanding  the  possi- 
bility of  the  last  statement,  the  author  found  several  large  tufts  of 
dead  Cakile  on  the  key,  its  season  having  passed  in  July.  It  is  reason- 
able to  suppose  that  the  island  has  been  built  a  little  higher  in  the  past 
12  years  by  the  current  action,  and  especially  so  since  the  general  map 
accompanying  the  paper  shows  that  Middle  Key  is  built,  as  are  indeed 
the  others,  on  quite  extensive  shoals  scarcely  submerged. 

EAST  KEY. 

This  is  the  most  outlying  key  of  the  group  since  the  disappearance  of 
North  and  Northeast  Keys  a  few  years  ago.  It  is  the  largest  of  the 
three  keys  stretching  northeast  of  Garden  Key  and  is  about  4.5  miles 
from  the  latt^  key,  about  one-third  of  a  mile  in  length  and  less  than 
half  that  in  width.  It  is  almost  entirely  covered  with  vegetation  and 
shows  several  associations  as  outlined  in  this  paper.  Cenchrus  and 
Cakile  are  disseminated  thickly  along  the  shores,  the  latter  particularly 
along  the  southeast  shelf  of  dry  sand-beach.  UrAola  and  Chamcesyce 
are  in  fairly  thick  growth  on  the  northern  and  southern  ends,  with  a 
sprinkling  of  Uniola  all  along  the  western  side.     Toumefortia,  as  large, 
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well-grown  bushes,  oocure  on  both  the  east  and  west  sides  ol  the  islaiidy 
hut  bade  *>nie  distance  from  the  shwe.  The  northam  half  ol  the  key 
is  implanted  rather  thickly  by  two  patches  of  Iva  imbricatay  separated 
by  a  band  of  Uniola.  Near  the  middle  of  the  island  is  a  sine^e  small 
fotmp  of  ScoBvola  plants.  Seeuvium  occurs  on  the  north  and  norUiwest 
shores.  In  a  compariscm  with  TAndng  and  Milkpauf^'s  survey  it  is 
seen  that  the  plants  listed  are  exactly  the  same  as  tliose  in  the  present 
survey;  8  q)ede6  are  given,  and  these  are  the  same  with  the  exception 
of  CcJcQe  fusifonmSf  which  is  perhaps  the  san^  systematic  error  noted 
before,  C.  lanceolata  being  the  one  noted  on  the  islimd  at  present. 
Taking  these  facts  as  evidence,  one  may  assume  that  in  the  12  yean 
gone  by  all  the  species  have  hdd  their  footing  and  some  have  inereaaed 


-f  1.  Cakile  UnceoUta. 

#  2.  Chamaesyoe  tmxifoHa. 

▲  8.  Cenchrus  inoertus. 

M  4.  Iva  imbriaiti. 

O  5.  Scaevola  phimieri. 

A  6.  Sesuviumportulacastnim. 

X  7.  ToomefortiagDaphalodes. 

m  8.  Uniola  panicolata. 


East  K«y.    Two  inohfie  aone-fif th  ataiute  mile. 

in  amount,  but  not  at  the  expense  of  the  others,  and  as  this  key  is  very 
rarely  visited,  the  ecologic  influences  governing  the  distribution  of  the 
species  have  been  undisturbed. 

SPECIAL  ECOLOGY. 

Seasonal  differences. — ^As  might  be  expected  from  the  data  pres^ited 
under  ''climate,'^  the  conditions  are  fairly  unifcmn.  The  genotd 
appearance  of  the  islands  is  the  same  at  all  seasons  of  the  year.  Of 
course  diuing  the  winter  months  and  early  spring,  after  the  heavy 
rains  in  September  to  December,  there  is  more  green  carpeting  in  dry 
places,  due  to  various  grasses  and  low  herbs  which  turn  brown  and  dry 
in  the  later  and  hotter  sunmier  months,  and  such  tropical  trees  as  the 
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large  Ficus  hispida^  planted  in  the  courtyard  at  the  light-hoiiBe  on 
L(^garhead  Key,  drop  their  leaves  during  the  coolest  months,  Decem- 
ber and  January.  But  this  dormant  condition  lasts  only  a  few  wedcs; 
other  plants,  as  the  Hibiscua  and  oleanders,  seem  to  bloom  and  flourish 
throughout  the  year,  and  during  the  summer  months  particularly  are 
covered  with  showy  crimson,  scarlet,  and  pink  blossoms. 

Flowering  and  fruiting. — ^Tfaese  phenomena  are  not  definitely  limited 
in  the  Tortugas  region.  Coconuts  frequently  bloom  and  ripen  at  the 
same  period,and  the  same  is  true  of  the  geiger-trees,  some  of  which  have 
showy  clusters  of  scarlet  flowers  and  bear  on  the  same  branch  the  hard, 
pointed,  white  fruits.  The  ScoBvola  oit&n  bears  its  white  blossoms 
simultaneously  with  the  large  edible-looking  but  nauseating  black 
berries.  Some  periodicity,  however,  has  been  noted  in  the  red  man- 
grove and  the  sea-grape,  Cocolohia  uvifera.  Trees  were  seen  with 
Uossoms  and  ripe  or  nearly  ripe  fruits,  but  never  trees  with  blossoms 
together  with  very  inmiature  or  half-ripe  fruits  and  fully  ripened  ones. 
There  must  be  some  definite  cycle  of  growth  which  prevents  the  occur- 
rence of  fruits  at  all  stages  in  these  trees. 

Herbs,  such  as  MelarUhera^  Valerianoides,  and  AUemanihera  have 
buds,  blooming  inflorescences,  and  old  dead  and  dry  flower-dusters  all 
on  the  same  plant;  other  herbs,  such  as  Cakile  and  some  of  the  grasses, 
have  a  well-defined  growing-season.  Cakile  grows  only  dimng  the 
winter  and  spring;  by  June  the  plants  are  full  of  rii)e  seeds,  and  during 
July  the  plants  die  and  become  tumble-weeds.  Tournefortia  and 
Suriana  seem  to  have  cycles  of  growth  not  separated  by  long  periods, 
for  some  individuals  are  frequently  seen  having  flowers  and  ripe  seeds. 
The  Convolvulaceffi,  represented  by  Ipomoea  and  Cahnyctiony  appear 
to  have  all  stages  of  flowers  and  fruits,  for  even  long  periods  of  drought 
do  not  seem  to  prevent  Ipamcea  pes-^apros  from  producing  its  showy 
roee-purple  funnels  along  the  runners  trailing  20  to  30  feet  across  the 
burning  white  sand-beaches. 

Influence  of  soil. — ^There  is  not  much  field  for  observation  under  this 
head,  since  the  islands  are  essentially  all  alike  geologically — t.  e.,  the 
soil  is  all  white  calcareous  sand,  but  at  several  places  in  the  Tortugas 
there  is  a  sUght  variation  in  the  soil.  On  Budi  Key,  near  the  small 
tidal  pool,  the  soil  is  lower  than  the  adjacent  sand  and  various  imicellu- 
lar  and  a  few  filamentous  algae  (e.  g.,  Lyngbya),  etc.,  grow  among  the 
mangrove  seedlings.  In  similar  situations  on  Boca  Grande  the  writer 
observed  Seeuviunif  AUemanihera^  and  Balis  maritima  in  salt  meadows 
or  marshes  where  young  rhizophoras  were  also  establishing  themselves. 
However,  on  Bush  Key  only  an  algal  flora  was  observed  on  the  surface 
of  the  BfAl  and  cm  the  mangrove  stems. 

The  other  variations  in  soil  were  due  to  artificial  conditions.  On 
Loggeiiiead  several  carloads  of  scmI  had  been  brought  from  Maple- 
wood,  New  Jersey,  and  this  supports  a  few  introduced  weeds,  such  as 
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Syntheriema  aad  Cenchrue  echinatuey  with  several  PainseUiae.  On 
Gardoi  Ksy  portions  of  the  parade-ground,  possibly  through  long 
years  oi  cultivation  and  some  attempts  at  fertilisation  and  artdfidal 
watering,  show  a  difference  in  the  soil  from  that  of  the  rest  of  the  key. 
The  accunmlation  of  some  humus  here  also  makes  a  change  in  the  sdl's 
character.  This  portion  of  the  parade-ground  is  thickly  covered  witli 
a  mat  of  lApjriay  various  examines  of  Sida^  Dolidiohui,  etc.,  plants 
which  need  sh^tly  more  nutriment  in  tiieir  substratum  Uma  is  afforded 
by  the  coarse,  limy  gravel  and  sand  of  other  parts  of  the  key. 

Human  and  animal  influence  an  vegetation. — ^Man's  influence  on  the 
plants  in  the  Tortugas  may  be  designated  as  constructive  and  destruc- 
tive. The  introduction  of  plants  for  use  or  ornament  on  Loggeiiead 
and  Garden  Keys  and  their  introduction  unwittin^y  with  ballast, 
etc.  (sudi  as  LepHUmj  Sonchus,  Syntheriema,  Partuiaca),  together  with 
coconuts,  papaws,  Casuarinae,  and  Salvia  seratina  (used  in  earlier 
years  as  a  felmfuge),  may  all  be  classed  as  constructive  influences. 
The  cutting  down  of  the  white  buttonwood  trees  by  the  old  fishemea, 
according  to  tradition,  the  burning  off  of  the  Suriana  on  Loggerhead, 
and  the  burning  over  of  the  parade-ground  in  the  fort  on  Garden  Key 
are  destructive  activities.  On  Bird  Key  the  presence  of  the  wardei 
does  not  seen  to  have  produced  any  change  in  the  v^etation,  while 
the  terns  which  breed  on  the  island  have  very  little  effect,  as  they  do 
not  feed  on  any  plant  substances  and  it  is  only  the  noddy  terns  which 
make  nests  of  a  few  dry  sticks;  the  other  two  species  of  terns  lay  their 
eggs  on  the  baro  sand. 

Millq)au|^  ascribes  to  birds  a  large  influence  in  the  distribution  of 
plants  in  this  region,  but  in  the  writer's  opinion  this  has  been  over- 
estimated; the  only  birds  in  the  r^on  aro  the  terns  and  a  few  frigate- 
tnrds  whidi  inrey  on  the  terns.  None  of  these  birds  aro  waders,  nor  do 
they  spend  much  time  on  land,  according  to  the  author's  observation. 
Millspaug^  mentions  8  plant  species  as  avevectant  by  the  feet  of  sea 
birds,  rix  o(  these  occurring  in  the  Tortugas,  but  as  thero  aro  few 
birds  in  these  islands  and  those  aro  of  such  habits  as  scarcely  to  permit 
of  carrying  seeds  in  the  webbed-toe  expansion,  the  hypothesis  is  hardly 
tenable;  A  moro  reasonable  factor  for  distribution  in  the  Tortugas  is 
the  sea  akme.  The  undoubtedly  aquavectant  plants  (as  Cakile)  iq>pear 
oa  the  idands  no  sooner  than  such  supposedly  bird-borne  plants  as 
Cenchrus  and  Saevola. 

Other  animals  associated  with  plants  aro  the  red  land-crab,  Qecar- 
dnue  lateralis  f  which  lives  on  various  islands,  but  was  observed  eq>e- 
ciidly  on  Loggerhead,  whero  it  fed  on  decaying  leaf-mold  accumulating 
in  the  grove  of  Sehesten  trees,  but  it  probably  has  no  effect  on  this  tree's 
economy.  A  small  black  beetle  also  lives  in  this  tree's  deep  salver-form 
corolla  and  perhaps  aids  in  fertilisation.  Another  insect  is  the  tiny 
butterfly  TAeda,  which  lives  on  the  nectar  of  MeUmthera  and  incident- 
ally pollinates  its  stigmas. 
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Storms. — ^Hurricanes  and  great  waves  driven  by  continuous  winds 
have  wrought  more  havoc  on  the  vegetation  of  the  Tortugas  than  p^- 
haps  any  other  agents.  Whole  keys  have  been  washed  away  by  some 
of  the  great  storms,  and  islands  have  been  completely  denuded  of 
vegetation.  Not  only  on  these  sand  islands,  but  in  the  mangrove 
swamps  of  larger  islands  (as  at  Boca  Grande),  large  areas  of  swamp 
were  dead  and  piled  up  densely  with  the  decaying  branches  of  shattered 
Rhizaphora  trees.  To  storms  also  may  be  laid  some  of  the  destruction 
of  ibe  Suriana  on  Loggerhead  and  Bird  K^ys  by  driving  in  the  salt 
spray,  which  kills  the  bushes,  or  by  the  mechanical  injury  of  under- 
mining the  roots  by  high  waves  and  later  leaving  the  absorptive  system 
exposed  to  the  drying  air.  This  latter  case  is  observed  on  the  eastern 
shore  of  Loggerhead,  where  the  bank  was  eroded  and  long  ridges  of  the 
Suriana  were  dead,  with  their  roots  sticking  up  in  the  air. 

Structure  in  relation  to  environment. — This  subject  is  well  illustrated 
in  the  Tortugas.  All  the  plants  of  these  dry  islands,  in  which  there  are 
no  springs  of  fresh  water  of  any  sort  and  where  the  substratum  is  of  a 
loose,  porous  nature,  must  be  adapted  to  conserve  moisture.  The 
structures  facilitating  conservation  of  moisture  in  the  Tortugas  flora 
are  various.  In  Toumefortia  and  Suriana  the  leaves  are  densely  cov- 
ered with  tomentum  and  pubescence ;  they  are  spatulate  in  shape,  which 
permits  their  being  set  closely  together,  and  as  a  further  reaction  they 
assume  an  appressed  hyponastic  position  during  the  middle  pcHiion  of 
the  day  or  in  prolonged  droughts.  Scasvola  and  IponuBa,  both  of  which 
have  large  leaves,  are  heavily  cutinised  and  frequently  have  sunken 
stomata;  they  also  assume  the  hyponastic  appreeeed  position  in  unfa- 
vorable conditions  and  seasons.  Chammsyce  has  small,  reduced  leaves, 
heavily  cutinized,  appressed,  sessile,  and  flap-like,  which  transpire  very 
slowly.  Iva  has  glabrous,  heavily  cutinized  leaves  with  thick,  flediy 
mesophyll,  containing  water-storage  tissue.  CenchruSy  Cyperus^  and 
Uniola  have  narrow,  reduced  leaves  with  small  stomata  and,  together 
with  many  grasses,  roll  inward  diuring  dry  seasons  or  in  dry  situations, 
the  reaction  being  due  to  the  thin-walled  water-storage  cells  in  the 
sinuses  of  the  delicate  ridges  losing  water,  the  lowered  turgeeoence 
causing  the  leaf  to  involute. 

A  peculiar  reaction  to  environment  was  noted  in  the  PoinoetHas. 
Individuals  of  species  occurring  in  the  Tortugas  were  found  in  more 
favorable  situations  on  the  mainland  of  Florida  with  rather  broad 
blades;  with  variations  in  environment  and  decreasing  moisture  and 
shade,  all  stages  were  seai,  down  to  leaves  which  were  Uttle  more  than 
midribs.  Boerhaavia  has  a  rathar  broad  Made,  but  is  protected  from 
excessive  tranqnration  by  tomentum  and  g^dular  hairs.  Thus  it  is 
seen  that  on  minute  examination  neariy  eveary  plant  in  this  regicm  has 
some  special  protective  feature  to  guard  against  loss  of  water,  the  acme 
being  reached,  of  course,  in  OpunOa,  which  has  no  leaves  whatever,  a 
thickly  cutinized  epidermis,  and  mucilaginous  sap. 
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In  this  connection  the  actual  tranqxiraticm  records  taken  by  the 
writer  with  a  potometer  in  many  of  the  representative  plants  of  the 
Tortogas  prove  vary  ilhuninating.  The  records  ware  taken  in  both 
sun  and  shade  and  are  given  in  condaised  form  in  ihe  table  following: 


Pciowuitr  frompirciteoii  roit 

*'  WMTOQC9. 

No. 

Speoiat. 

W«i|^t. 

Quantity. 

Lencthof 
time  in  sun. 

Lencthof 

^jn^  in  '^Ml^l^ 

QtH* 

ce. 

h  m 

h  m 

1 

Suriana 

.6 

1  16 

1 

2 

ChanuMyoe... 

3.7 

1  60 

2  10 

3 

Cmnayalia .... 

9.1 

22 

40 

4 

TouiMfortiA.. 

8.6 

10 

12 

6 

Ipomom 

3.6 

1  26 

37 

6 

Boerfaaavia. . . 

4.6 

36 

25 

7 

Sosrrola 

7.6 

13 

25 

It  is  seen  that  some  plants  have  transpired  the  given  quantity  of 
1  c.c.  in  a  shorter  time  in  shade  tlian  in  sun.  These  are  Suriana, 
Ipamceay  and  Boerhaama.  This  apparait  contradiction  of  the  law  of 
transpiration,  which  expresses  the  fact  that  the  higher  the  temperature 
the  greater  the  water  transpiration,  is  explained  by  the  fact  that  in  die 
intensely  hot  sunlight  and  the  reflection  and  brilliant  glare  of  the  white 
sand  those  plants  were  heated  beyond  the  point  at  which  transpiration 
was  at  a  maximum  and  the  leaves  lost  so  much  turgescence  that  they 
wilted  and  became  flaccid,  with  an  almost  complete  inhibition  of  trans- 
piration. This  phenomenon  is  observed  more  particularly  in  young 
tissue,  as  tender  shoots  and  branches  which  still  have  collenchyma  in 
the  stems  and  poorly  developed  epidermis  on  the  young  leaves.  It  was 
necessary  to  use  such  shoots  of  the  three  above-mentioned  plants, 
since  the  older  and  more  woody  stems  could  not  be  fitted  into  the  small 
Ganong  potometer.  However,  this  reaction  was  noted  in  plants  grow- 
ing in  situ  just  as  well  as  in  the  potometer  subjects. 

In  several  patches  of  Boerhaavia  along  a  walk  at  the  laboratory  it 
was  noted  that  during  hot  days,  from  before  noon  to  mid-afternoon,  the 
yoimger  shoots  would  be  hanging  limp  and  flaccid,  while  about  4  p.  m. 
they  would  assume  their  wonted  erectness  with  turgescent  leaves. 
Plants  in  more  northern  climates  also  frequently  show  this;  notably 
DdhUaa  planted  in  open  sunny  places  have  often  been  observed  by  the 
writer  to  have  all  the  upper  leaves  completely  wilted  in  hot  August 
weather  during  the  middle  portion  of  the  day,  while  with  the  approach 
of  evening  they  completely  recovered.  This  temporary  loss  of  turges- 
cence may  occur  daily  without  apparent  injury  to  the  plants. 

Of  all  the  plants  tested,  Chamcesyce  seems  the  best  protected  and 
transpires  the  given  quantity  in  the  longest  time.  Suriana  and  Ipo- 
nuBa  come  next,  while  ToumeforUa  with  its  dense  silky  tomentum  and 
Scasvola  with  thick  fleshy  leaves  heavily  cutinized  show  relatively  little 
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diflference  in  the  rates  in  sun  or  shade  conditions  and  actually  give  off 
a  cubic  centimeter  of  water  in  a  very  short  period — u  e.,  in  about  14 
minutes.  It  is  thus  seen  that  this  phjrsiological  action  of  loss  of  water 
varies  considerably,  even  in  these  plants  adapted  to  these  xerophytic 
conditions  and  highly  specialized  morphologically. 

MARINE  ECOLOGY. 

The  submerged  plants  growing  about  the  Tortugas  are  not  many, 
since  marine  algse  most  abound  on  rocky  shores  and  rocks  are  conspic- 
uously lacking  in  the  Tortugas  phjraography.  Of  the  higher  plants 
several  interesting  spermatophytes  are  very  abundant,  viz: 

(1)  Thalaaaia  testudinum  Koenig  and  Sims,  which  occurs  on  exten- 
sive areas  in  shallow  water.  The  leaves  and  stems  of  this  plant,  the 
turtle-grass,  are  cast  up  in  long  rows  by  the  waves,  particularly  after 
storms,  on  the  sandy  beaches  of  the  islands. 

(2)  Another  component  of  this  mass  of  debris  is  the  manatee-grass, 
Cymodocea  manatorum  Ascherson,  which  has  much  more  slender  leaves 
and  a  peculiar  inflorescence.  It  was  the  author's  good  fortune  to 
secure  both  of  these  plants  in  bloom,  and  the  Cymodocea  in  fairly  large 
quantity  by  going  down  in  a  diving  helmet  in  about  3  to  4  meters  of 
water  and  walking  about  on  the  bottom,  making  a  close  observation  of 
the  beds  of  this  grass.    Algse  were  also  collected  in  the  same  manner. 

(3)  Two  other  epermatophytes,  which  were  obtained  by  the  deep-sea 
dredging  apparatus  carried  by  the  Laboratory  yacht,  were  two  species  of 
Hahphila,  growing  in  17  to  19  fathoms  of  water  out  in  the  Gulf  Stream. 
These  were  H.  engelmannii  and  H.  baiUonia  Aschers.  The  occurrence 
of  these  plants  in  this  locality  and  their  interesting  relations  to  the 
region  have  been  discussed  by  the  writer  in  another  paper.^  These 
and  the  calcareous  algse  which  are  given  in  a  list  below  are  quite  abun- 
dant. Representatives  of  the  Rhodophycese  and  the  Phseophycese 
are  not  nearly  so  plentiful.  The  Udotea  and  PeniciUus  are  quite  com- 
mon in  sandy  shallows  and  various  species  of  Halimeda  contribute  a 
large  share  to  the  detritus  making  up  the  land.  Codium  and  Acetab- 
tdaria  are  frequent  on  rocks,  shells,  or  other  submerged  objects  afford- 
ing a  firm  foothold.  GraciUaria  is  mostly  brought  up  on  shells  and 
sponges  in  the  dredges  along  with  species  of  fToIopAtla,  while  Sargassum 
bacdferumy  and  occasionally  Valoniay  Didyosphcma,  Lynghya^  HypneOy 
and  Lawrencia,  drift  about  the  islands  and  in  the  Gulf  as  large  mats  or 
rafts.  These  are  washed  up  on  the  shores  in  long  windrows,  and  while 
floating  these  mats  of  Sargassum  furnish  an  abiding-place  for  numerous 
small  animals,  especially  several  species  of  crabs.  One  which  is  fairly 
common  matches  exactly  the  yellow-brown  fronds  of  the  Sargaswm 
and  can  be  seen  only  with  difficulty  in  a  tangle  of  the  gulfweed  when 
thrown  into  an  aquarium. 

>BowiiiaD,  H.  H.  M.:  Adaptability  of  a  Sea  QnuM.    Soienoe,  n.  8.,  vol.  xlu,  1103, 
pp.  244-247. 
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lAd  of  StAmerg^  Spermatopkifiei  a$td  Al^m  in  the  Ouff  cf  Mexiett  ahofui  Tortu§Q9. 
Obdbb  NAIADALEB.  ALG.£— ooDtinuecL 


OmxaoL  HYDROCHARTTALES. 
Familt  Eloobacbjb. 


HatopkOa 

HolopkUa  bcdUofiit  ABdMvwm. 

Familt  Htdsochabitacbjl 


iettudmum  Ktaiig  and  Sime. 
Tuitl«-grMB. 

ALG^. 

Ctanophtcbjb. 
I^^nifbya  majuacuia  (DiUwyn)  Harvey. 

Ghlobofhtcxjb. 

Cauierpa  seriMlanoidea  (Gmelin)  Howe. 

pnHfera  (Fdrriud)  Lamarok. 

fooemota  (Fdnkal)  Agardh.  var. 

oeeidenialU  (J.  Agardh.)  BOrgeeen. 

oMwdodtt  Hanrqy. 

crait^olta  (Agardh.)  J.  Agardh. 
Codium  tamentotum  (Hudson)  SiaeUiouae. 
PemeiOiui  dumdoeut  (Lamarok)  Deeaisne. 
(/(ioeea/loMliiffi  (EU.  and  SoL)  M.  A.  Howe. 
cy(Mfcirmx9  (Decaisne)  Howe. 


Hahmeda  riimttoiit  M.  A.  Howe. 

tuna  (EDiBandSolandor)  lAmarck 
tidena  (EDk  and  Solaoder)  La> 

mardc* 
apymHa  var.  minor  (EBia  and  Sol* 
aodv)  LamardL. 
Valoma  venbrieaaa  h, 

Dietifoepharia  famdosa  (Agardh.)  Deeaime. 
ermuUda  Lamaroux. 


Lamarok. 
Zenaria  Mote  A.  K.  Agaidh. 
Padina  paaema  (L.)  (Saittoii. 
SargassumnatanM  (L.)  Mqrer — S. 

Rb(h>ophtgbjb. 

Hypnea  muscoformU  (Wolfen)  Lamarck. 
Acanikophora  apidfera  Vahl,  A,  Mem 

Lamardc. 
Lawrenda  Muaa  (Hudson)  Lamarok. 
Oakuawra  fiagMfonma  KjeJhnan. 
Wurdamanma  aaiaoaa  Harvey. 
CcrtdUna  rid>ena  L. 
QraciXlaria  etnrfervaidea  (L.)  Crreville. 


CONCLUSION. 

In  this  treatment  of  the  species  in  the  Tortugas  it  has  been  aimed  to 
give  some  idea  of  the  character  of  the  dry-climate  plants  inhabiting 
these  islands,  their  distribution,  and  particulariy  the  changes  wfaidi 
have  occurred  on  the  various  k^ys  since  Lansing's  survey,  with  an 
attanpt  to  analyze  the  reasons  for  such  changes.  This,  it  is  hoped,  has 
been  done,  with  the  help  of  herbarium  specimens  collected  and  living 
plants  sent  north  to  the  University  of  Pennsylvania  Botanical  Garden, 
and  also  the  extensive  field-notes  and  laboratory  experiments  made  by 
the  writer  during  his  residence  of  two  simuners  in  these  islands. 
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THE  ORIGIN  OF  THE  ELECTRIC  ORGANS  IN  ASTRO- 

SCOPUS  GUHATDS. 


By  E.  Gbace  White. 


INTRODUCTION. 

Living  organisms;  aside  from  expending  energy  in  the  growth,  differ- 
entiation, and  reproduction  of  their  bodies  and  in  secreting  many  sub- 
stances useful  in  the  preservation  of  their  lives,  may  also  release  energy 
in  the  form  of  motion,  electricity,  heat,  and  li^t,  all  of  which  may 
play  a  more  or  less  important  part  in  the  maintenance  of  life.  Of  these 
powers,  that  of  producing  electricity  specifically  and  in  quantities  large 
enough  to  be  of  use  to  the  organism  is  confined  to  seven  groups  of 
fishes,  two  of  idiich  are  elasmobranchs  and  five  teleosts.  The  same 
power  has  been  reported  to  be  present  in  a  snail  and  in  some  insects, 
but  these  reports  have  not  been  confirmed.  It  seems  clear  that  among 
the  fishes  the  power  to  produce  electricity  has  been  developed  inde- 
pendently in  the  seven  groups  mentioned.  All  the  activities  of  cells, 
such  as  secretion,  motion,  or  nerve-conduction  are  accompanied  by  the 
release  of  a  very  small  amount  of  electric  energy,  which  apparentiy  can 
not  be  of  any  possible  use  to  the  animal.  Are  the  powerful  electric 
discharges,  sometimes  over  100  volts  in  strength,  which  occur  in  these 
seven  groups  of  fishes  the  result  of  evolutionary  processes  that  first 
took  their  origin  in  the  very  minute  electric  discharge  of  the  ordinary 
forms  of  tissue-cells? 

A  beginning  to  an  answer  to  this  question  may  be  made  by  studying 
the  structure  of  the  electric  organs,  and  particularly  their  morphologi- 
cal and  cytological  development  in  the  ontogeny  of  the  forms.  This 
the  writer  has  attempted  to  do,  as  suggested  by  Professor  Ulric  Dahl- 
gren,  of  Princeton  University,  in  the  case  of  the  remarkable  electric 
organ  of  Aslroscopus  guttatu8  and  Astroscopiia  y-grcecum.  I  wish 
here  to  express  my  gratitude  to  Professor  Dahlg^n  for  his  generous 
offer  of  the  material,  for  his  kindly  direction  of  the  problem,  and  for 
his  most  valuable  criticisms.  I  wish  also  to  thank  Professor  E.  G. 
Conklin,  of  Princeton  University,  and  Professor  E.  B.  Wilson,  of 
Columbia  University,  for  reading  and  criticizing  the  paper.  The 
expenses  of  collecting  the  material  for  this  work  were  met  by  donations 
extending  over  a  series  of  years  from  the  Carnegie  Institution  of  Wash- 
ington, through  the  kindness  and  interest  of  Dr.  A.  G.  Mayer. 
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HISTORICAL  SURVEY  OF  THE  SUBJECT. 

GENERAL. 

The  power  ot  certain  fiahes  to  give  eleetiic  shocks  has  been  known 
from  the  eartiest  times.    A  hiero^^jdiic  representation  <rf  AfoJofiferMritf 
electricus,  the  electric  cat-fish,  has  been  jMreserved  on  the  Egyptian 
tomb  of  Tl  (Gotch  m),  and  the  still  more  formidabk  shock  ci  the  elee- 
trie  ray  of  the  Mediterranean  was  used  by  the  RcHnan  irfiyBiGiaiis  as  a 
charm  to  cure  their  patients,  procuring  f <Hr  the  fish  tbe  popular  and 
familiar  name  of  torpedo  (Dixon  ss).    The  numbing  poww  erf  G^imiateff 
has  Icmg  been  feared  by  the  South  Ammcans,  and  many  accounts  of  the 
extraordinary  behaviw  of  this  giant  eel-like  fish  have  been  puUished 
from  time  to  time  in  popular  f<Nrm  (Gotch  m).    Rum(»r  would  extend 
this  extraordinary  power  to  the  snail  Daudabardiay  and  General  Davis 
describes  the  '^heel-bug"  of  the  West  Indies,  Reduvius  serraius,  with 
dectric  organs  in  its  legs  (Dixon  ss),  but  these  rq^orts  have  not  jret 
bem  substantiated. 

The  seven  groups  of  fishes  which  have  this  electric  po?r»  rqxeeent  a 
wide  range  in  structure  and  environm^it.  Torpedo  and  the  Rajids 
are  marine  elasmobranchs  and  are  of  very  similar  structure,  being 
broad,  flat,  of  slow  motions,  with  a  habit  of  lying  on  the  bottom  c^  the 
ocean.  Torpedo  is  especially  comnK>n  in  all  warm  seas,  but  the  dcate 
has  been  found  much  more  widely  dispersed  in  the  salt  water  of  the 
worid.  Malopterurus,  Gymnoiue,  and  the  Mormyridse  are  fresh-water 
teleoets.  Malopterurus  differs  considerably  from  the  other  two  groups 
in  structure,  being  a  silurid  of  considerable  size.  It  inhabits  the  River 
Nile.  Gymnotus  is  a  South  American  eel4ike  fish  of  great  l^igth, 
found  abundantly  in  the  South  American  rivers.  It  has  the  character- 
istic eel-like  method  of  locomotion.  The  Mormjrrids  are  typical  tde- 
ost  fishes  of  great  variety  of  shape  and  difference  of  habit,  abounding  in 
the  Nile  and  other  fresh  waters  of  Africa  (Gotch  m). 

Although  the  numbing  effects  of  these  fishes  have  been  known  so 
long,  the  cause  remained  a  mystery  until  in  1773  Dr.  Walsh  (92)  dis- 
covered the  presence  of  "intense  electrical  currents"  in  Torpedo, 
"developed  through  the  functional  activity  of  special  organs  situated, 
on  each  side,  in  the  lateral  mass  of  the  body  of  the  fish.''  In 
1835  a  description  of  the  electrical  organs  of  both  Gymnotus  and  Tor- 
pedo appeared  in  the  works  of  J.  Hunter  (63),  while  in  1844  Stark  (s?) 
and  in  1846  Robin  (7S)  described  similar  organs  on  either  side  of 
the  spinal  column  in  the  tail  of  Raja,  although  no  shock  could  be  felt 
by  the  hand.  From  that  time  the  literature  on  the  subject  has  con- 
stantly increased  until  now  every  branch  has  been  covered.  The 
majority  of  the  investigations  were  carried  on  during  the  latter  part 
of  the  nineteenth  and  early  part  of  the  twentieth  century,  but  a  few 
investigators  have  continued  the  study  to  the  present  day. 


The  Origin  of  the  Electric  Organs  in  Astraacapus  GuUatus.  143 

STRUCTURAL 

The  general  structure  of  the  organs  m  Torpedo  had  been  described  in 
1678  by  Lorensini  (79),  and  a  detailed  account  was  published  in  1835  by 
John  Hunter  (M),  but  the  anatomy  of  the  electric  organs  in  general  was 
not  given  much  consideration  by  investigators  until  the  discovery, 
by  Bilharz,  in  1857  (le),  of  the  electrical  plates  in  Oymnotua.  Ballowitz 
worked  out  the  fine  anatomy  of  the  electric  organs  of  Torpedo^  Oymno- 
tuBf  and  the  Rajidse,  to  the  latter  of  which  he  gave  the  name  of  the 
'^pseudoelectric  fishes/'  and  to  the  organs  the  name  of  the  ^^pseudo- 
electric  organs/'  inasmuch  as  their  structure  reeemUed  that  of  other 
electric  organs,  while  their  fimction  was  not  then  known.  Ogn^  (7S) 
and  Max  Schultze  (S5)  made  careful  and  accurate  observations  of  the 
innervation  of  these  organs  and  of  the  finer  details  of  the  nerve-endings 
of  the  same. 

The  peculiar  structure  common  to  all  electric  fishes  is  the  semi- 
transparent  material,  of  the  consistency  of  jelly,  which  lies  between 
and  around  the  electroplaxes  and  in  which  lie  the  connective-tissue 
septa  and  niunerous  nerve-branches.  In  Torpedo  these  are  two  large 
masses,  concave  on  the  inner  border  and  divided  by  septa  into  hexago- 
nal columns,  the  ends  of  which  lie  under  the  dorsal  and  ventral  surfaces 
of  the  skin.  In  Torpedo  occidentalis  there  are  1,969  columns,  in  Tor- 
pedo  oceUata  but  450  (Gotch  50). 

In  Raja  there  are  two  very  slender  organs,  tapering  at  both  ends  and 
Ijring  one  on  each  side  of  the  spinal  column.  These  organs  are  formed 
from  and  lie  embedded  in  the  muscles  of  the  tail. 

In  GymnotuB  there  are  four  such  organs,  two  dorsal  and  two  ventral, 
of  which  the  dorsal  are  the  larger.  The  organs  are  divided  into  col- 
umns which  run  variable  distances  from  the  cephalic  end  to  the  tip  of 
the  tail  of  the  fish,  which  may  be  from  8  to  10  feet  in  length. 

Mormyrua  has  four  organs  formed  from  and  replacing  the  posterior 
regions  of  the  muscles  of  the  tail.  The  long  diameter  is  parallel  to  the 
spinal  colimm,  and  with  the  general  position  very  like  that  of  the 
organs  in  GymnotuBj  though  not  extending  so  far  into  the  anterior  end 
of  the  body.  In  Gymnarchus  there  are  eight  cylindrical  organs,  four 
on  each  side,  embedded  in  the  muscle-tissue  of  the  tail,  as  close  to  the 
median  bony  parts  as  a  little  connective  tissue  in  between  will  permit. 

The  organ  of  Malopterurus  is  peculiarly  situated  in  the  thickened 
skin  and  is  imperfectly  divided  into  halves  by  a  connective-tissue  sep- 
tum on  the  ventral  surface.  It  enwraps  the  whole  body  except  the 
fins  and  the  head. 

The  finer  anatomy  of  the  electric  organs  differs  considerably  in  the 
different  groups.  In  Malopterurus  there  is  no  obvious  arrangement 
into  columns,  the  organ  being  composed  of  lozenge-shaped  electro- 
plaxes, dove-tailed  into  each  other  and  surrounded  by  the  character- 
istic jelly-like  material.    Each  half  of  the  organ  is  innervated  by  a 
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sinc^  gigantic  nerve-^^dl,  with  but  one  axis  cylinder,  the  branches  of 
^diioh  reach  all  of  the  someidiat  over  72,000  compartments  in  eadi 
half  of  the  organ  and  are  estimated  to  have  a  peripheral  disfcributiaii 
unsuipaased  by  that  of  any  other  single  nerve-cell  (Gotch  m). 

In  all  the  other  electric  fishes  the  organs  are  divided  into  c<^unms, 
themselves  subdivided  at  regular  intervals  by  ccmnective-tissue  s^ta 
and  fixed  at  their  perij^ieral  edges  by  the  boundary  wall.  Each  of 
these  oonqM&rtmmits  contains  a  protoplasmic  mass,  the  dectroplax,  in 
which  the  effer^it  nerves  end,  while  the  rest  of  the  space  is  occuiHed  by 
the  tranq>arent  material.  The  essential  dements  are  much  the  same  in 
alL  The  protoplasmic  mass  with  its  sun>orting  fib^s,  crossHstriations, 
and  nerve  terminations  is  called  the  electric  plate,  electric  disk,  or  eteo- 
troplax.  The  nerves  on  coming  in  ccmtact  with  the  electroplaxes  branch 
in  a  characteristic  dichotomous  manner  in  most  of  the  groups. 

In  Raja  batis  a  band  of  parallel  wavy  fib^s  crosses  the  transparent 
area,  still  possessing  the  optical  properties  common  to  ordinary  stri- 
ated muscle-fibers  andlrepresenting  the  vestiges  of  the  croes-striation  of 
the  voluntary  muscle-fibers,  from  which,  according  to  Ewart  and 
Kngelmann  (at  and  4i),  the  electric  plate  has  been  derived.  This  layer 
will  be  termed  the  striated  lay^  for  convenience  in  this  paper,  althou^ 
the  striations  are  no  longer  wholly  comparable  to  those  of  musde- 
tissue  and  although  they  have  almost  entirely  disappeared  in  Gymnotus 
and  Torpedo f  the  strongest  of  the  electric  fishes.  In  Torpedo  there  is 
a  faint  fibrillation  in  each  electroplax  during  its  early  embryonic  state, 
which  is  completely  resorbed  during  development.  In  Gymnotus  and 
in  Matopterums  no  indication  of  the  striations  is  visible  even  in  the 
earliest  stages  yet  se^i.  It  is  therefore  evident  that  the  loss  of  definite 
striation  is  correlated  with  the  gain  in  dectrical  power  and  it  is  possible 
that  the  evolution  of  the  electric  organs  may  follow  the  loss  of  the 
original  muscle  striations. 

PHYSIOLOGICAL. 

Perhaps  the  best-known  of  all  the  investigators  of  electric  fish^  is 
DuBois-Reymond.  The  founder  of  electro-physiology,  he  has  ex- 
haustively covered  the  subject  of  electrical  currents  in  muscle,  nerves, 
and  electrical  organs,  carrying  on,  in  the  early  eighties,  a  prolonged 
dispute  with  Hering  (57)  and  Hermann  (68, 68)  concerning  the  extent  of 
polarization  arising  in  a  muscle  when  an  electrical  current  has  been 
passed  through  it.  DuBois-Reymond  experimented  on  living  Malop- 
terurua  and  on  living  Torpedo  in  BerUn,  and  imder  his  direction  Sachs 
worked  on  living  Gymnotus  in  South  America.  Their  combined  results 
are  so  comprehensive  and  so  acciu^te  as  to  leave  room  for  no  furtl^r 
investigation  of  the  same  nature,  and  the  name  of  DuBois-Reymond  is 
recognized  to  be  that  of  the  leader  in  the  physiological  researches  on 
animal  electricity. 
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Cavendish  in  1780  (2t)  was  the  first  to  conceive  of  the  idea  of  current- 
curves  and  to  imitate  the  shock  of  Torpedo  by  wdinary  electricity.  He 
was  far  in  advance  of  his  time  and  it  was  not  until  a  century  later  that 
Faraday  (42)  reached  the  same  opinion.  Although  it  has  siace  been 
possible  by  modem  methods  and  apparatus  to  considerably  modify 
and  correct  the  current-curves  of  Cavendish,  the  basic  idea  remains  his. 

In  1831  Colladon  of  Geneva,  experimenting  on  the  Torpedo,  gave  the 
name  of  '^Colladon's  currents"  to  those  currents  running  between 
points  on  either  the  ventral  or  the  dorsal  surface  (si) .  A  few  observa- 
tions were  made  the  same  year  by  Matteuci  (72),  but  not  imtil  the 
discovery  by  Bilhars  in  1857  (le)  was  any  further  advance  made  in  the 
study  of  the  electrical  currents.  DuBois-Reymond  then  calculated 
that  ''the  greater  the  length  of  a  Torpedo  column,  provided  the  number 
of  plates  in  the  unit  of  length  is  the  same,  so  much  greater  must  be  its 
electromotive  force;  and  by  as  much  as  the  colimms  diminish  in  height 
from  the  inner  to  the  outer  edge  of  the  organ,  by  so  much  may  the 
electromotive  force  of  the  median  colimms  be  greater  than  that  of  the 
outer  ones''  (is).  At  the  same  time  he  discussed  the  matter  of  immu- 
nity in  electric  fishes,  finding  that  all  electric  fishes  are  practically 
immune  to  their  own  shock  and  relatively  so  to  the  shock  of  another 
fish  of  the  same  species,  much  as  a  viper  is  immune  to  its  own  poison,  in 
spite  of  the  fact  that  the  body  of  the  fish  is  much  more  favorably 
placed  to  receive  the  shock  than  are  the  bodies  of  neighboring  fishes. 
Definite  electric  currents  are  known  to  pass  through  the  body  of  the 
fish.  They  have  been  detected  in  the  digestive  tract,  in  the  brain  and 
spinal  cord,  and  found  to  be  of  appreciable  intensity,  yet  the  fish 
remains  apparently  imaware  of  the  shock. 

Marey  in  1879  (71)  was  the  first  to  represent  graphically  the  reflex 
currents  of  Gymnotua  and  Torpedo  by  the  use  of  the  telephone.  Schdn- 
lein  (8s)  repeated  the  experiments  with  a  galvanometer  and  calculated 
the  voltage  of  the  individual  electroplaxes  in  Torpedo  and  in  Raja; 
Cremer  (Gotch  so)  used  the  "saitenelektrometer"  of  his  own  invaition, 
and  in  1899  Garten  (48)  made  very  acciu*ate  measurements  and  records 
with  the  capillary  electrometer.  In  1881  Sachs  (so)  published  his  work 
on  the  physiology  of  the  organs  of  Oymnotus;  while  Gotch  and  Burch 
(52*  6S)  and  Koike  (oo)  have  independently  published  similar  works  on 
Malopterurus,  so  that  the  shock  in  these  three  fishes  has  been  ex- 
haustively investigated.  The  general  results  have  shown  that  electric 
organs  have  much  the  same  electrical  properties  as  muscles  and 
nerves,  with  the  difference  that  in  the  case  of  the  electric  organs  the 
elements  are  considerably  modified  and  so  arranged  in  series  as  to  give 
the  effect  of  a  battery  in  which  an  otherwise  insignificant  current  can 
be  made  measurable  by  addition  (Gotch  50). 

Gotch  and  Biu*don-Sanderson  (27, 28)  followed  up  these  experiments 
on  the  weak  electric  fishes,  finding  them  to  be  similar  in  both  the 


146  Papers  from  the  Department  of  Marine  Bidogy, 

Rajid»  and  the  MormyridsB  to  those  of  the  stnmg  electric  fishes,  except 
in  the  intensity  of  the  shock.  The  true  electrical  nature  of  these 
organs,  which  had  been  previously  considered  electrical  from  their 
structure  but  had  not  been  determined  by  experiment  as  to  functiofi, 
was  now  ascertained,  for  definite  electricsd  currents  could  be  detected 
by  the  galvanometer. 

The  combined  results  of  these  investigators,  notwithstanding  certain 
prolonged  controversies,  have  led  to  a  pretty  definite  agreement  as  to 
the  natiure  of  the  activity  of  these  organs.  The  activity  of  the  electric 
organs  is  dependent  upon  the  arrangem^it  of  the  electrical  plates  in  a 
linear  series  for  its  adequate  expression,  and  the  colunmar  s^cture  <rf 
the  organ  thus  modifies  rather  than  determines  the  characteristics 
of  the  activity.  The  nature  of  these  activities  lies  in  the  electrical 
change  in  the  nerves  themselves,  expressed  through  the  agency  of  the 
electroj^xes.  That  the  disk  is  the  excitable  structiue  responding  to 
impulses  from  the  nerves  is  an  abandoned  theory  contradicted  by  all 
experimental  evidence,  for  such  paralyzing  drugs  as  atropin  and 
curare,  which  are  known  to  effectively  destroy  the  action  of  muscle- 
tissue,  have  no  effect  upon  the  activity  of  the  electric  organs  imless 
given  in  such  doses  as  to  paralyze  the  nerves  themselves.  All  the 
effects  in  the  electrical  organs  are  connected  with  excitation,  and  its 
concomitant  alteration,  which  is  always  accompanied  in  the  nerve  by 
rapid  electric  changes,  while  the  structural  nature  of  the  organ  is  such 
that  the  changes  in  each  group  of  nerve  terminations  may  become  con- 
spicuous by  summing  with  those  of  the  neighboring  groups  (Gotch  m). 

Another  law  which  has  been  generally  accepted  is  that  of  Pacini,  in 
connection  wdth  the  probable  direction  of  the  current  in  the  different 
electric  fishes.  He  states  that  the  electric  current  will  run  from  the 
electric  layer  where  the  nerve-endings  are,  to  the  nutritive  layer,  so 
that  the  electric  surface  will  be  negative  to  the  nutritive  one.  Experi- 
ment has  so  far  verified  this  law  in  every  case  which  has  been  examined 
in  this  regard,  except  in  that  of  Malopterurus,  in  which  the  curr^it 
goes  in  the  opposite  direction,  namely,  from  the  nutritive  to  the  electeic 
layer. 

EMBRYOLOGICAL 

In  1877  Babuchin  (4),  in  1888  Ewart  (4o),  and  in  1894  Engelmann 
(39)  worked  out  the  origin  of  the  electric  organs  of  Torpedo  and  the 
Mormyridffi,  then  known  as  the  pseudoelectric  fishes,  showing  that,  in 
general,  electric  organs  have  arisen  by  the  modification  of  certain 
striated  muscle-cells.  In  Torpedo  and  the  RajidsB  each  electroplax 
arises  from  a  single  cell,  but  Babuchin  has  shown  (2,  3)  that  in  the 
Mormyrida)  a  syncytium  of  cells  from  the  fibers  of  the  sacrolumbalis 
muscles  may  go  into  the  formation  of  one  electroplax.  Dahlgren  has 
shown  that  each  electroplax  probably  arises  from  the  union  of  all  the 
muscle-fibers  in  one  myotome.     It  was  in  the  midst  of  these  researches 
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that  Babuchin  (2)  came  to  the  conclusion  that,  inasmuch  as  the  origin, 
structure,  and  functional  activity  of  the  pseudoelectric  organs,  although 
diminutive  and  less  highly  differentiated  than  those  of  Torpedo  and 
Gymnotus,  nevertheless  are  fundamentally  the  same;  therefore,  ^'Es 
existieren  keine  pseudoelektrischen  organe,  es  gibt  nur  grosse  und 
starke,  kleine  und  schwache  elektrische  organe."  The  term  pseudo- 
electrical  organs  has  since  been  definitely  abandoned  and  the  Mor- 
myridffi  and  the  Rajidse  are  known  as  the  weak  electric  fishes. 

In  1880  Fritsch  (44)  described  in  detail  the  electric  organs  of  Malop- 
terurus  and  startled  investigators  by  attempting  to  show  that  the  dec- 
troplaxes  were  neither  arranged  in  parallel  series,  as  in  all  other  electric 
fishes,  nor  derived  from  muscle-cells.  He  tried  to  prove  that  the 
organs  in  this  fish  are  developed  from  certain  gland-cells  in  the  skin,  an 
observation  which  aroused  much  discussion  and  which  never  has  been 
substantiated.  No  investigator  has  been  able,  on  the  other  hand,  to 
prove  the  origin  of  the  organs  from  cmy  of  the  muscle-cells,  so  the  mat- 
ter remains  an  open  question  to  this  day,  with  a  possibility  of  thus 
bringing  Malopterurus  into  line  with  the  other  electric  fishes.  The 
peculiar  structure  of  the  electroplaxes,  however,  and  the  inability  to 
harmonize  the  direction  of  the  current  with  Pacini's  law  are  facts 
which  can  not  be  denied,  and  Malopterurus  stands  as  the  great  excep- 
tion to  the  general  rules  for  electric  fishes.  At  any  rate,  Malopterurus 
has  not  sacrificed  any  of  its  motor  muscles  to  the  formation  of  the 
organs  and  its  movements  are  not  in  any  way  hampered,  while  the 
electric  coat,  which  completely  surrounds  the  body,  forms  an  effective 
protection  as  well  as  a  means  of  easily  capturing  its  food.  Oymnotus 
and  Torpedo  y  on  the  other  hand,  move  so  slowly  that  they  have  to  niunb 
their  prey  at  some  distance  and  then  follow  them  up  at  their  leisure. 
It  is  doubtful  whether  the  weak  electric  fishes  use  their  electric  organs 
for  either  protection  or  for  captiuing  food,  although  it  is  possible  that 
they  may  capture  in  this  way  small  Crustacea  and  other  minute  inver- 
tebrates. 

Recently  Professor  Dahlgren  has  become  interested  in  certain  Amer- 
ican species  of  electric  fishes.  He  has  published  several  papers,  one  on 
the  anatomy  and  muscular  origin  of  the  electric  organ  of  Oymnarchus 
(32),  an  African  form  distantly  related  to  the  Mormyridse,  and  several 
on  the  gross  anatomy  and  habits  of  the  star-gazer,  Astroscopus  (ss,  84, 
36),  a  marine  teleost  of  the  toad-fish  group,  a  group  hitherto  unrepre- 
sented among  the  electric  fishes.  In  1906  Dahlgren  (36)  and  Silvester 
published  an  account  of  the  adult  Astroscopus.  The  authors  had  been 
interested  in  reports  from  Charles  H.  Gilbert  and  J.  A.  Henshall 
(Jordan  64,  65),  who  reported  having  felt  shocks  from  the  two  species 
Astroscopus  guttatus  and  Astroscopus  y-grcecum.  Fishermen  who  were 
interviewed  said  that  they  had  always  known  of  the  numbing  power 
of  these  fishes  and  had  often  received  shocks  from  stepping  on  them 
as  they  lay  buried  in  the  sand. 


148  Papenfram  the  Departmmd  cf  Marine  Biology, 


The  orgADB  of  Atirosoofms  fonn  two  irreguhur,  vwtical  cc^mmiSy  one 
ju0t  bdund  and  flomewhat  uiid»  eadi  eye,  the  muades  of  wfaieh  are 
embedded  in  the  organ.    Each  organ  is  roughly  oval  in  seetion  and  is 
co8iq[)oeed  of  a  number  of  paialM  plates  separated  by  dectric  eomiee- 
tive  tisBue  and  made  up  of  about  20  sq)arate  dectroidaxes  lying  side  by 
flide.    The  number  of  plates  in  eadi  organ  does  not  exceed  200,  but 
they  are  very  thin  and  their  ccmstituent  dectroi^axes  are  deefrfy 
indented  on  the  edges.    The  deetroplax  bends  on  itsdf  so  as  to  over- 
lap on  its  own  body  at  some  points  of  oonsidaraUe  area,  and  so  as  to 
make  it  necessary  for  the  overlapping  portion  to  find  room  in  the  nest 
layer  in  which  to  secure  nerve  and  Uood  supply.    From  3  to  5  of 
the  larger  dectroplaxes  form  the  central  area  of  the  layer  and  firam 
8  to  12  smalls  ones  are  arranged  around  it  and  fill  in  the  outline. 
The  deetroplax  is  placed  in  the  organ  with  the  electric  layw  upward 
and  the  nerve  supply  approaching  it  from  above.    The  blood  supfdy 
comes  into  contact  with  it  on  the  lower  ot  nutritive  surface,  which  is 
evaginated  into  a  mmiber  of  papiUs  that  occupy  more  than  two-thirds 
<rf  the  thickness  of  the  deetroplax.    The  nucld  of  these  papiDs  are 
oval  and  differ  slightly  both  in  sise  and  shape  from  those  of  the  deetric 
layer,  which  are  evenly  arranged  in  a  series.    The  striation  of  this  layer 
is  remarkable  and  quite  as  d^nite  and  conspicuous  as  in  the  weakest 
of  the  Rajidffi  (plate  vi,  fig.  3).    It  consists  of  fine,  sharp  lines  i^Miced 
evenly  and  paralld  to  one  another,  but  curved  in  many  directions.    In 
section  one  appears  to  be  looking  on  various  surfaces,  the  striati<Kis 
on  one  surface  being  paralld  to  each  other  bu  t  crossing  above  and  below 
other  sets  of  similar  parallel  striations.    Dahlgren  believes  these  lines 
to  represent  the  edges  of  an  equal  number  of  curved  and  paralld  sur- 
faces, seen  in  actual  or  optical  section.    There  is  no  variation  in  the 
distance  between  the  lines,  however,  and  no  oblique  or  surface  views  of 
the  striations  appear  (Dahlgren  se). 

The  nutritive  layer  is  composed  of  two  parts,  one  of  which  indudes 
the  nutritive  nuclei,  the  evaginations,  and  the  heaviest  area  of  the 
striations.  In  the  other  layer  there  are  no  nuclei,  but  the  striations 
continue  and  can  be  traced  even  into  the  thin  electric  layer,  which  con- 
tains a  row  of  evenly  spaced  nuclei  and  the  peculiar  rods  described  by 
Dahlgren  and  in  further  detail  by  J.  G.  Hughes,  of  Professor  Dahl- 
gr^i's  laboratory  (62). 

The  nerve  supply  of  Astroscojms  consists  of  a  number  of  medullated 
fibers  that  run  between  the  layers  in  the  electric  tissue  and  end  at  all 
points  on  the  electrical  surface.  The  ori^  of  the  nerve  supply,  as  well 
as  the  origin  of  the  electric  organs  themselves,  could  not  be  surmised  by 
Dahlgren  and  Silvester  (se)  at  this  time,  owing  to  the  complicati<Mis  in 
the  adult.  The  muscles  and  nerves  of  the  eye  pass  directly  through 
the  organs  and  the  nerve  which  supplies  the  electric  tissue  is  in  some 
way  curiously  involved  with  the  oculomotor  nerve,  but  no  connection 
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between  the  electric  tissue  and  the  eye-muscle  tissue  is  evident, 
although  the  rectus  inferior  muscle  has  become  so  narrow  as  to  appear  as 
a  mere  thread  and  the  rectus  superior  muscle  is  split  into  several  parts 
by  the  passage  of  the  electric  nerve  through  it.  The  organ  is  bounded 
by  the  upper  part  of  the  muscle  adductor  mandibuUe,  the  muscle 
levator  arcus  palatini,  and  the  anterior  and  posterior  divisions  of  the 
muscle  adductor  arcus  palatini. 

The  authors  supposed  the  organs  to 
have  been  derived  from  one  of  the 
bounding  muscles,  probably  the  muscle 
levator  arcus  palatini,  since  this  has  a 
more  intimate  connection  with  the  organ 
than  ^ther  of  the  other  two,  but  the 
possibility  was  suggested  of  the  tissue 
having  arisen  from  the  eye-musclee  which 
pass  through  the  organ.  It  was  impos- 
sible to  follow  up  either  of  these  theories, 
however,  without  embryonic  material, 
and  a  search  for  embryos  was  at  once 
begun. 

OpsamiB  and  Porichthys  lay  their  eggs 
in  nests  or  easily  available  places.  This 
did  not  prove  true  of  Aslroscopue,  how- 
ever, and  Professor  Dahlgren  studied  the 
habits  of  the  fish  to  find  if  possible  where 
to  look  for  the  young  forms.  He  found 
the  habits  of  Aatroscopm  to  be  essentially 
similar  to  those  of  an  allied  form,  Urano- 
Scopus  acaber,  a  native  of  the  Bay  of 
Naples.  This  fish,  as  expl^ned  by  Dr. 
Cerruti  (m),  lays  a  pelagic  e^  which 

at  once  floats  from  the  bottom,  where  it  A«tioaoopus  gututus,  20  min.  «mbfyo. 
is  deposited,  to  the  surface,  where  it  i>~"f'™"i*«i'«°by  Bni«,Ho™i^. 
rapidly  forms  an  embryo  that  lives  on  the  surface  for  many  weeks 
and  months.  Astroscopus  has  a  lat^  pelagic  egg  which  is  laid  in  May 
or  June  and  develops  into  a  larva  very  rapidly.  It  lives  on  the  surface 
50  to  60  miles  from  shore  and  gradually  works  inshore  as  it  approaches 
adult  life.  Toward  the  latter  part  of  the  summer  the  young  fish,  over 
an  inch  in  length,  moves  from  the  surface  to  the  bottom  and  seeks  the 
sand,  in  which  it  burrows  and  spends  the  greater  part  of  its  life.  With 
this  information  extensive  towing  work  was  undertaken,  and  through 
the  kindness  of  Dr.  Henry  B.  Bigelow,  of  the  Museum  of  Con^mraidve 
Zoology  at  Harvard  Univermty,  and  of  W.  W.  Welsh  and  Lewis 
Radcliffe,  of  the  United  States  Biu-eau  of  Fisheries,  the  results  of  tbe 
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towing3  by  the  steamer  Fish  Hawk  and  the  schooner  Grampus  were 
examined,  and  a  few  embryos  of  different  sizes  were  found,  from  which 
the  following  results  have  been  obtained.  Recognition  and  thanks  are 
also  due  to  Dr.  A.  G.  Mayer  and  his  associates  in  the  Carnegie  Insti- 
tution of  Washington  who  have  assisted  in  prociuing  these  fif)ecimens. 
In  a  few  cases  it  was  difficult  to  determine  whether  the  embryos  were 
Astroscopiis  larvse  or  those  of  a  nearly  allied  form,  Kathetostomata,  which 
lives  in  deep  water  off  the  Atlantic  coast;  but  since  the  advlt Kathetos- 
tomata  has  been  studied  and  found  to  possess  no  electric  organ,  there 
remains  no  doubt  that  these  embryos  which  possess  the  first  rudiments 
of  the  electric  organ  are  examples  of  Astroscopus.  The  embryos  were 
all  photographed  before  sectioning  to  aid  in  the  identification  of  the 
species,  but  since  Astroscopus  guttatus  and  Astroscopus  y-grcecum  have 
very  similar  electric  organs  in  the  adult,  it  matters  very  little  for  this 
work  whether  the  embryos  are  all  of  one  species  or  not.  Most  of 
them  have  been  identified  as  Astroscopus  guttatus. 

OBSERVATIONS. 

The  sectioned  heads  of  these  embryos  have  been  handed  over  to 
me  by  Professor  Dahlgren  for  the  purpose  of  tracing  the  various  steps 
in  the  development  of  this  curious  electric  organ  and  to  clear  up  such 
points  concerning  its  innervation  and  blood  supply  as  the  material 
would  allow.  Some  attention  will  also  be  given  to  the  change  in  his- 
tological structiu'es  of  the  electric  tissue  diuing  its  development  from 
the  muscle  tissues. 

It  quickly  became  evident  that  the  electric  tissue  in  the  young  em- 
bryos was  being  formed  by  the  metamorphosing  of  certain  parts  of 
some  of  the  eye-muscle,  a  phenomenon  not  hitherto  met  with  and  there- 
fore of  special  interest. 

STUDY  OF  AN  EMBRYO  9.5  MILLIMETERS  IN  LENGTH. 

The  head  of  this  embryo  was  sectioned  serially  and  transversely  and 
reconstructed  with  2  mm.  wax  at  a  magnification  of  500  (plate  i). 
Some  of  the  eye-muscles  of  this  little  embryo  are  already  beginning  to 
show  a  change,  although  no  definite  electric  tissue  has  yet  formed. 
The  rectus  extemus,  rectus  intemus,  and  rectus  superior  muscles  show 
a  definite  darkened  area  on  the  side  away  from  the  eye-ball,  which,  upon 
examination,  proves  to  be  composed  of  cells  smaller  than  the  normal 
muscle-cells.  Both  the  nuclei  and  the  cytoplasm  of  these  cells  take  the 
stain  much  more  densely  than  the  other  cells,  but  this  is  the  only  sign 
of  any  modification  of  the  cell  structure  (plate  v,  fig.  2). 

Sections  of  a  4  mm.  embryo  were  also  studied  with  regard  to  this 
particular  point,  although  the  specimen  was  too  poorly  preserved  for 
any  more  careful  investigation.    In  this  embryo  areas  corresponding 
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to  those  mentioned  above  were  found  on  the  same  muscles  and  with 
the  same  topographical  relation  to  the  muscle-cells.  They  had  the 
same  dense  stain,  but  were  very  much  smaller  in  area,  as  indicated  in 
figure  1  of  plate  v. 

A  few  embryos  of  the  species  Batrachus  tan  were  then  sectioned  in 
order  to  observe  the  muscle-tissues,  as  it  was  thought  possible  that  the 
smaller  and  more  numerous  cells  might  represent  the  generating  area 
of  the  muscle  itself  and  have  no  connection  with  the  electric  tissue.  In 
these  embryos  such  areas  were  found  on  several  of  the  muscles,  but  a 
very  interesting  point  lay  in  the  fact  that  in  every  case  this  area  of 
generating  tissue  lay  on  the  opposite  side  of  the  muscle  from  that  on 
which  the  electric  organs  of  Astroscojma  are  derived,  L  e.,  on  the  side 
toward  the  eye-ball.  In  AstroscopaSj  however,  this  area  corresponds 
in  every  case  with  the  position  from  which  the  electric  organ  is  to  be 
generated;  moreover,  no  such  areas  could  be  found  in  Astroscopus  on 
the  muscles  not  forming  electric  tissue.  For  this  reason  I  feel  certain 
that  the  darkened  areas  represent  the  first  beginnings  of  electric  tissue. 
The  possibility  also  arises  that  in  the  darkened  areas  on  the  muscles  of 
the  yoimg  Batrachus  we  may  have  a  step  in  the  evolution  of  the  electric 
organs  in  the  toad-fish  group. 

The  innervation  of  the  eye-muscle  in  the  9.5  mm.  embryo  is  perfectly 
normal  and  no  nerve-endings  are  seen  even  to  approach  the  electric 
tissue.  A  r^sum^  of  the  normal  eye-muscles,  their  origin,  insertion  and 
innervation  will  here  be  given  for  reference  (Herrick  61  and  Wieders- 
heim  94).  The  eye-muscles  are  six  in  number — ^rectus  intemus,  exter- 
nus,  inferior,  and  superior,  and  obhquus  inferior  and  superior. 

The  rectus  intemus,  extemus,  and  superior  origmate  in  the  subcra- 
nial canal  at  the  extreme  caudal  end  of  the  basioccipital.  The  rectus 
extemus  originates  in  the  extreme  caudal  end  of  the  canal  and  runs 
dorso-laterad  to  its  insertion  on  the  base  of  the  eye-ball.  It  receives 
the  entire  abducent  or  ^th  nerve. 

The  rectus  intemus  originates  near  the  caudal  end  of  the  canal  in  a 
groove  on  the  dorsal  side  of  the  parasphenoid  bone  and  runs  along  the 
inner  sides  of  the  orbits  to  its  insertion  on  the  cephaUc  border  of  the 
eye-ball.  It  receives  a  branch  of  the  oculomotor  nerve,  or  the  third 
nerve. 

The  rectus  superior  originates  in  the  cephalic  end  of  the  subcranial 
canal  from  the  parasphenoid,  imder  the  rectus  intemus,  and  from  the 
membranous  roof  of  the  canal  over  the  same.  It  runs  close  to  the 
rectus  intemus  to  the  end  of  the  canal,  tiuns  dorsal  and  laterad,  and 
crosses  the  rectus  inferior  and  optic  nerve  to  reach  its  insertion.  It 
receives  a  branch  of  the  oculomotor  nerve. 

The  rectus  inferior  arises  from  the  basisphenoid  bone  and  runs  over 
the  rectus  intemus,  rectus  superior,  and  optic  nerve  to  its  insertion. 
It  receives  a  branch  of  the  oculomotor. 
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The  obliquus  Bupmor  and  inferior  musdee  arise  far  o^halad  from  the 
intemasal  cartilage  and  run  caudal  to  their  insaiions. 

The  obliquus  supmor  ariaee  farther  c^halad  than  the  interior  muade 
and  is  inmled  on  the  dorsal  surface  of  the  eye-ball.  The  obliquus 
infmor  originates  a  little  farther  back  from  the  dorsal  wall  of  the  car- 
tilage and  lies  nearer  the  median  line.  It  passes  mediad  from  the 
supericu*  muscle  direct  to  the  ventral  side  of  the  ^e.  The  oUiquus 
supericu*  is  innervated  by  the  entire  trochlear  or  fourth  nerve  and  the 
obliquus  inferior  receives  a  branch  of  the  oculcMnoUH*. 

The  sixth  or  abducent  nerve  arises  fnmi  a  center  in  the  medulla  some 
distance  frcHn  the  median  line  near  the  lateral  surface  of  the  Imdn.  It 
passes  through  a  foramen  in  the  cranial  wall  into  the  dorso-lateral  an^ 
<^  the  subcranial  canal  and  passes  direct  to  the  lateral  face  of  the  rectus 
extemus,  which  it  liters. 

The  trochlear  or  fourth  nerve  arises  from  a  separate  center  in  the 
hind-brain  just  caudal  to  that  of  the  third  nerve.  It  leaves  the  brain 
bdiind  the  optic  lobes  and  continues  intracranially  a  short  distance, 
when  it  pierces  the  cranial  wall,  turns  dorsad,  and  moves  direct  to  the 
dorsal  side  of  the  obliquus  superior. 

The  oculomotor  or  third  nerve  is  a  large  nerve  arising  in  the  mid- 
brain from  the  nucleus  near  the  median  line  in  part  mesial  of  the  large 
fasciculus  longitudinalis  dorsalis.  There  is  no  trace  of  the  dififeren- 
tiation  of  the  large  electric  motor-cells  at  this  stage.  The  nerve  leaves 
the  brain  and  gives  off  its  first  branch  to  the  obliquus  inferior.  Botii 
branches  pass  at  once  through  the  cranial  wall  just  me^al  of  the  rectus 
extemus.  The  branch  to  the  obliquus  inferior  turns  ventrad  and  passes 
the  rectus  extemus,  intemus,  and  inferior  on  its  way  to  the  ventral  face 
of  the  obliquus  inferior.  The  main  branch  gives  off  another  branch 
which  divides  and  goes  to  the  rectus  intemus  and  inferior,  but  the 
main  branch  itself  divides  again,  both  branches  entering  tlie  rectus 
superior  muscle,  a  point  of  significance  in  light  of  further  investiga- 
tions. 

STUDY  OF  AN  EMBRYO  14  MILLIMETERS  LONG. 

The  14  mm.  embryo  was  sectioned  serially  and  transversely,  but  was 
too  poorly  preserved  for  very  careful  study.  The  region  of  Uie  dectric 
tissue  on  the  three  muscles,  rectus  extemus,  intemus,  and  superior,  is 
now  much  more  clearly  defined  and  has  considerably  increased,  but  no 
indication  of  electric  tissue  or  any  other  muscle  can  be  found.  The 
electric  cells  have  enlarged  slightly  and  can  be  identified  by  their 
multinucleate  state  as  well  as  by  their  dense-staining  capacity.  The 
electric  area  is  now  as  large  as  the  muscle  area  in  width,  though  not  in 
length  (plate  v,  fig.  3).  Nerve-fibers  do  not  yet  approach  the  electric 
tissue  on  any  of  the  eye-muscles. 
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STUDY  OF  AN  EMBRYO  20  MILLIMETERS  IN  LENGTH. 

The  head  of  the  20  mm.  embryo  was  sectioned  serially  and  trans- 
versely and  reconstructed  in  1  mm.  wax  at  a  magnification  of  500. 
This  embryo  was  so  well  preserved  that  a  very  careful  study  has  heeai 
made  of  it  (plates  ii  and  in). 

The  electric  area  has  become  definite  electric  tissue  and  is  now  seen 
for  the  first  time  on  the  obliquus  superior  muscle,  making  it  evident 
that  the  electric  tissue  is  generated  from  muscles  which  are  innervated 
by  the  fourth  and  sixth  nerves  as  well  as  from  some  which  are  inner- 
vated by  the  third  nerve.  The  three  rectus  muscles  which  contribute 
to  the  electric  tissue  have  a  common  origin  in  the  subcranial  canal,  the 
rectus  inferior  muscle  having  a  separate  origin.  The  obUquus  superior 
arises  at  some  distance  from  the  three  rectus  muscles,  but  is  the  more 
dorsal  of  the  two  obliquus  muscles.  The  fourth  and  sixth  nerves  take 
no  part  in  the  innervation  of  the  adult  electric  organs.  The  organs 
are  exposed  dorsally,  on  the  other  hand,  and  only  those  muscles  which 
are  nearest  the  dorsal  surface  of  the  head  have  contributed  to  their 
formation,  the  two  inferior  muscles  on  the  ventral  surface  not  being 
concerned.  Torpedo  is  the  only  other  fish  known  to  have  the  electric 
organs  on  the  exposed  or  the  dorsal  surface,  even  though  it  occupies  all 
the  space  between  the  dorsal  and  ventral  surfaces.  This  tendency  to 
develop  the  electric  organs  on  the  exposed  or  dorsal  surface  may  be 
compared  with  the  opposite  tendency  of  fishes  and  other  animals  to 
develop  their  luminous  organs  on  the  ventral  or  protected  surface,  as 
shown  in  Porichthys.  This  correlation  of  the  protective  organ  with  the 
exposed  surface  and  the  attractive  organ  with  the  protected  surface 
may  be  the  result  of  natural  selection,  even  though  Darwin  ($7)  con- 
sidered electric  organs  to  be  one  of  the  greatest  difficulties  in  the  way 
of  his  theory. 

The  electric  cells  have  assumed  the  form  of  electroplaxes  (plate  v, 
fig.  4) .  They  have  enlarged  to  about  six  times  the  diameter  of  the  ordi- 
nary muscle-cells;  and  the  large  and  niunerous  nuclei  have  rounded  up 
cloee  to  the  membrane,  although  a  few  remain  scattered  in  the  cyto- 
plasm. The  cytoplasm  itself  has  become  peculiariy  vacuolated  and 
very  definite  striations  have  appeared.  In  longitudinal  section  each 
electroplax  shows  the  ventral  end  indented  into  long,  finger-like  pro- 
cesses (plate  VI,  fig.  1).  The  striations  across  these  processes  are 
continuous,  as  though  the  cell  had  been  cut  through  at  this  point  after 
the  striations  had  been  formed  instead  of  the  processes  having  grown 
out.  The  striations  are  perfectly  definite  and  pass  straight  across  the 
cell  with  no  indication  of  the  myofibrillation.  Long,  narrow  vacuoles 
appear  at  intervals  in  the  cytoplasm  of  the  ind^ited  or  evaginated  end, 
while  the  dorsal  end  of  the  cytoplasm  is  filled  with  vacuoles  of  a 
smaller,  roimder  nature.  This  indentation  is  the  beginning  of  the 
formation  of  the  ventral  papillse  of  the  adult  electroplax. 
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Vacuoles  are  formed  in  cells  when  changes  in  surface  tension  occur 
such  that  the  pressure  inside  the  cell-wall  is  greater  than  that  of  the 
surrounding  medium.  The  electroblasts  are  growing  at  an  abn<HrmaI 
rate  in  the  longitudinal  direction  and  not  at  all  in  the  other  direction, 
so  that  the  pressure  inside  the  cell  must  be  tremendous.  If  this  ten- 
sion reaches  a  certain  point,  the  vacuoles  may  increase  in  size  until  they 
burst  through  the  cell-wall.  That  this  is  happening  in  these  ^ectro- 
blasts  is  shown  by  the  long,  narrow  shape  of  the  vacuoles  at  the  ven- 
tral end,  where  many  have  already  broken  through  to  form  the  papilke. 
This  explains  why  the  striations  at  this  end  appear  to  be  broken  across 
instead  of  being  separate  striations  formed  for  each  papilla.  It  also 
explains  why  in  the  adult  electroplax  many  of  the  papillse  have  ccm- 
necting  bridges  of  the  same  material  as  themselves  (Dahlgren  m),  for 
in  such  cases  the  vacuoles  have  merely  persisted  instead  of  breaking 
through.  The  tension  at  the  ventral  end  far  exceeds  that  of  the  dorsal 
end,  for  the  small,  roimd  vacuoles  finally  disappear  without  breaking 
through  the  wall  and  the  dorsal  surface  becomes  straight  and  smooth, 
the  dorsal  cytoplasm  homogeneous  and  imvacuolated. 

The  electric  organ  develops  in  f  oiu*  parts  on  each  side  of  the  eye,  each 
of  which  is  called  an  electric  organ  for  convenience  during  its  develop- 
ment. The  rectus  extemus  is  the  largest  of  the  six  eye-muscles  and 
has  a  proportionately  large  electric  organ.  It  is  the  first  of  the  four 
to  begin  development.  The  central  part  of  the  tissue  forms  a  broad 
band  lying  close  to  the  muscle  and  curving  from  its  dorsal  to  its  ven- 
tral s\u*face  in  a  spiral.  The  ends  of  the  tissue  separate  from  the  mus- 
cle ventrally,  just  caudad  to  the  origin  of  the  muscle,  running  caudad 
and  ventrad,  and  dorsally,  near  the  point  of  insertion,  running  craniad. 
This  separation  of  the  organs  from  the  muscle  with  the  turning  and 
bending  of  the  organs  is  accomplished  by  the  elongation  of  the  electro- 
blasts  at  the  point  of  separation.  The  growth  of  the  cells,  there- 
fore, begins  at  either  end  of  the  organ  and  later  progresses  toward  the 
center.  Also,  the  electric  organ  of  the  rectus  extemus  muscle,  which 
was  the  first  to  begin  development,  is  the  first  to  begin  to  separate 
from  the  muscle-tissue  (plates  n  and  ni,  R.  ex.). 

The  long,  narrow  electric  organ  of  the  rectus  internus  lies  close  to 
its  surface  and  curves  spirally  from  a  point  cranial  and  medial  around 
the  dorsal  to  the  ventral  side  of  the  muscle.  Dorsally  the  organ  re- 
mains closely  attached  to  the  muscle,  but  ventrally  it  separates  to  run 
caudad  a  short  distance.  It  is  the  second  of  the  four  electric  organs  to 
begin  development  and  the  second  to  begin  to  separate  from  the  muscle 
(plates  n  and  ni,  R.  int.). 

The  electric  organ  of  the  rectus  superior  muscle  lies  close  to  the 
median  side  and  does  not  curve  around  it  nor  separate  from  it.  The 
obliquus  superior  is  the  last  of  the  four  muscles  to  develop  an  electric 
organ,  which  is  correspondingly  small,  forming  a  short,  broad  band. 
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caudad  and  close  to  the  muscle,  about  halfway  between  its  origin  and 
insertion  (plates  ii  and  iii,  R.  su.,  0.  su.).  In  the  figures  the  electric 
area  is  stippled. 

The  number  of  electroblasts  do  not  increase  after  once  being  formed. 
Each  electroblast  is  the  product  of  a  single  cell  and  each  electroplax  is 
the  product  of  a  single  electroblast,  so  that  the  amount  of  electric  tissue 
to  be  contributed  by  the  various  muscles  has  already  been  determined. 
It  was  most  imfortunate  that  no  embryo  could  be  obtained  represent- 
ing a  stage  between  that  of  the  20  mm.  embryo  and  of  the  33  mm.  em- 
bryo, as  it  is  between  these  two  stages  that  the  actual  separation  of  the 
organs  from  the  muscles  takes  place.  The  position  of  the  electric 
organs  in  the  20  mm.  stage,  however,  goes  a  long  way  toward  explain- 
ing the  real  process,  so  that  we  are  safe  in  drawing  pretty  definite  con- 
clusions without  the  intermediate  stage. 

Except  that  the  nerves  branch  much  more  profusely  in  all  of  the 
muscles,  no  change  has  been  noted  in  any  but  that  branch  of  the  ocu- 
lomotor nerve  which  goes  to  the  rectus  superior.  As  noted  above,  the 
main  branch  of  the  oculomotor  goes  to  the  rectus  superior  in  two  divi- 
sions. The  larger  of  these  two  divisions  enters  the  muscle  somewhat 
posterior  to  the  smaller  one,  and  is  seen  to  have  enlarged  to  nearly 
twice  its  original  diameter.  The  small  branch  goes  to  all  parts  of  the 
muscle,  but  the  large  one  goes  to  the  middle  of  the  muscle,  where  it 
divides  into  many  parts,  all  but  one  of  which  are  seen  to  approach  the 
electric  organ  of  this  muscle  and  stop.  There  is  a  considerable  space 
between  the  muscle  and  the  electric  tissue,  and  the  axones  of  the  nerves 
must  cross  this  space  to  enter  the  electric  organ.  Although  the  mate- 
rial was  not  favorably  fixed  for  the  study  of  nerves,  a  few  fibers  could 
be  traced  across  the  intervening  space  and  into  the  electric  organ. 
Unfortunately,  the  nerve-endings  could  not  be  seen  in  any  of  my 
material  and  I  have  had  to  pass  over  this  point  until  more  material  can 
be  obtained.  The  last  division  of  this  branch,  which  does  not  approach 
the  electric  organ,  passes  directly  through  the  rectus  superior  muscle 
and  can  be  traced  ventrally  and  mesad  until  it  approaches  the  electric 
organ  of  the  rectus  intemus  muscle.  It  was  impossible  to  trace  any  of 
the  fibers  of  this  branch  into  the  electric  organ,  but  the  nerve  itself 
could  be  traced  until  it  touched  the  electric  tissue,  so  that  there  can  be 
no  doubt  that  the  axones  do  pass  in  and  that  with  better  material  they 
could  be  seen  to  be  distributed  among  the  electroplaxes  of  this  organ  as 
well  as  that  of  the  rectus  superior.  This  is  the  first  indication  that  the 
nerve  which  innervates  the  rectus  superior  muscle  is  to  innervate  the 
electric  organs  also,  but  it  is  not  yet  clear  that  it  is  the  only  nerve  which 
will  do  so,  although  it  is  clear  that  the  electric  organ  of  the  rectus 
superior  is  not  the  only  one  to  be  innervated  by  it.  Ijater  it  sends 
branches  to  all  four  of  the  electric  organs. 
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A  few  electric  motor-oeUs  aie  found  in  the  motor  nudeus  o(  the  thiid 
nerve.  It  is  of  intereet  in  this  connection  that  the  rectus  superior  niusde 
is  ndther  the  first  of  the  muscles  to  develop  electric  tissue  nor  does  it 
contribute  the  largest  amount  of  tissue  to  the  organs.  On  theother  hand, 
it  does  not  contribute  the  smallest  amount  eith^,  so  ibiexe  is  no  iq>pai^ 
ent  reason  why  the  m&rve  of  this  particular  muscle  diould  be  called  on 
to  do  all  the  work.  It  might  have  been  expected  that  the  sixth  nerve, 
which  innervates  the  rectus  extemus  muscle,  would  contribute  to  the 
electric  organs,  since  that  muscle  has  the  largest  of  the  four  oi^ans,  or 
(on  the  other  hand)  that  the  trochlear  or  fourth  n^ve  to  the  obliquos 
superior  muscle  would  contribute,  since  that  muscle  has  the  snudlest 
amount  of  electric  tissue.  As  a  matter  of  fact,  subsequent  study  has 
shown  that  there  are  no  electric  motor-cells  to  be  found  anywhere  in 
the  brain  except  in  the  nucleus  of  the  third  nerve,  no  fibers  from  any 
other  nerve  or  from  any  other  branch  of  that  nerve  even  approaching 
the  electric  tissue.  When  the  third  nerve  emerges  from  the  cranial 
wall  the  first  of  the  muscles  which  it  is  to  innervate  ^diich  crosses  its 
path  is  the  rectus  superior;  it  is  also  the  first  muscle  which  it  enters. 
Whether  this  fact  has  any  significance  for  the  fact  that  this  particular 
branch  forms  the  electric  nerve  or  not,  I  can  not  say,  but  no  other 
explanation  presents  itsdf . 

The  circulation  in  the  head  of  the  20  mm.  embryo  appears  to  be  per- 
fectly normal,  presenting  no  points  of  difference  from  that  of  other 
non-electric  toad-fishes.  The  external  carotid  artery  runs  craniad  just 
dorsal  to  the  rectus  inferior  muscle,  and  sends  off  small  branches  to  the 
various  eye-muscles  on  the  way  to  the  eye-ball;  it  then  runs  between 
the  two  oblique  muscles  and  craniad  below  the  eye-ball.  The  vessels 
to  the  eye-muscles  send  no  branches  to  the  electric  organs,  either  before 
or  after  entering  the  muscles.  The  ophthalmic  artery  branches  from  the 
pseudobranch  to  run  craniodorsad  to  the  eye-ball,  which  it  ent^^  with 
one  of  the  ciliary  nerves  from  the  fifth  cranial.  It  gives  off  a  small 
branch  just  dorsal  to  the  obliquus  inferior  muscle,  which  anastomoses 
with  the  corresponding  artery  on  the  other  side,  but  this  branch  has  no 
connection  with  the  electric  organs. 

STUDY  OF  AN  EMBRYO  33  MILLIMETERS  IN  LENGTH. 

The  head  of  the  33  mm.  embryo  was  sectioned  serially  and  trans- 
versely and  reconstructed  in  1  mm.  wax  at  a  magnification  of  45. 
Four  well-developed  electric  organs  appear,  completely  separated  from 
the  eye-muscles  (plate  rv).  They  are  quite  separate  from  each  other 
dorsally  and  ventrally,  but  in  the  center  they  are  so  closely  folded 
together  that  at  times  only  a  thread  of  connective  tissue  separatee 
them  and  without  the  previous  studies  it  would  be  impossible  to 
determine  from  which  muscle  the  different  organs  have  been  g^ierated, 
or*in  fact^that  they  had  been  generated  from  muscle-tissue  at  all.    It 
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can  be  seen,  however,  that  the  four  organs  are  still  distinct.  Together 
they  occupy  the  entire  space  between  the  eyes  and  the  brain,  and 
alliiough  th^  have  been  derived  from  only  the  dorsal  muscles  they 
extend  almost  as  far  in  the  v^itral  direction  as  in  the  dorsal,  the  only 
difference  being  that  the  ventral  ends  of  the  organs  are  narrows  and 
more  pointed  than  the  dorsal  ends  (plate  vu,  fig.  2). 

The  electroplaxes  have  assumed  an  elongate  shape,  being  in  general 
from  three  to  four  times  as  long  as  they  are  broad.  They  still  have 
quite  a  thick  appearance,  however,  for  while  th^  have  been  growing 
rapidly  in  one  direction  they  have  not  become  any  narrower  in  the 
other,  the  width  of  these  electroplaxes  being  only  sU^tly  less  than  that 
of  the  original  electroblast.  They  are  arranged  in  parallel  rows,  but 
since  all  four  of  the  organs  slant  in  a  different  direction,  the  rows  are  not 
parallel  to  the  surface  of  the  embryo,  and  on  the  whole  they  are  only 
fairly  r^ularly  arranged.  Ventrally  the  surface  is  entirely  cut  up  into 
papillae  and  many  vacuoles  are  seen  in  the  process  of  forming  more 
(plate  VI,  fig.  2).  The  dorsal  area  shows  a  decided  change  in  structure. 
The  surface  has  become  flat  and  smooth,  the  indefinite  area  of  the  20 
mm.  embryo  having  completely  disappeared.  A  few  scattered  vacu- 
oles persist,  but  they  are  very  small  and  round.  The  three  layers  of 
the  adult  electroplax  have  now  been  formed :  the  ventral  layer,  which  is 
nutritive  in  function,  with  scattered  nutritive  nuclei,  many  papiUse, 
vacuoles,  and  perfectly  straight  striations;  the  middle  or  intermediate 
layer,  with  no  nuclei  and  no  vacuoles,  but  with  an  abundance  of  stria- 
tions; and  the  dorsal  layer,  with  a  few  small,  round  vacuoles,  a  few 
pretty  definite  striations  on  its  ventral  edge,  and  a  very  regular  series 
of  oval  electric  nucld.  The  rods  described  by  Dahlgren  and  Hu^es 
have  not  yet  appeared. 

In  the  previously  described  embryo  some  of  the  nuclei  had  rounded 
up  close  to  the  membrane,  while  others  remained  free  in  the  cytoplasm, 
but  no  difference  in  the  structure  of  the  two  kinds  of  nuclei  could  be 
noted  (plate  vi,  fig.  1).  It  is  now  evident  that  those  nuclei  which  were 
dose  to  the  edge  of  the  membrane  have  become  flattened  to  fit  the 
space,  so  that  they  appear  quite  oval  in  shape,  while  the  nuclei  which 
remained  in  the  cytoplasm  have  become  the  round  nutritive  nuclei. 
They  are  less  numerous  than  the  electric  nuclei  and  are  not  r^ularly 
idaced  in  a  series,  but  scattered  through  the  cytoplasm  of  the  nutritive 
layer.  The  electoic  nucld  have  each  a  single  nucleolus  from  which  the 
chromatin  runs  out  in  fine  strands  through  the  caryoplasm,  whereas 
the  nutritive  nuclei  have  several  aggregates  of  chromatin  but  no  well- 
defined  nucleolus. 

The  electric  nerve  is  now  well  developed  from  the  branch  of  the 
oculomotor  which  supplies  the  rectus  superior  muscle.  It  has  assumed 
such  large  proportions  that  the  rest  of  the  third  nerve  has  a  diameter 
only  one-fourth  that  of  the  electric  nerve,  and  the  third  nerve  itself  is 
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three  or  four  times  as  wide  as  dther  of  the  other  nerveB  whi<^  supply 
the  ejre-muscles.  The  third  and  electric  nerve  leave  the  brain  together 
from  the  same  center,  which  is  now  filled  with  the  large  electric  nucld, 
occupying  much  more  space  than  the  ordinary  third  nucleus  ({riate 
vn,  fig.  5).  They  appear  mesiid,  dorsal,  and  ventral  of  the  fasciealus 
longitudinalis  dorsalis.  The  cdls  are  large  and  egg-shaped,  with  veiy 
granular  cytoplasm.  A  large  nucleus  lies  at  the  broad  pole  of  the  cdl- 
body.  It  is  fairly  round  in  shape  and  has  a  few  strands  of  chrcnnatin 
running  through  it,  as  well  as  a  very  small  aggregate  of  chromatin 
which  is  fairly  p^'sistent.  At  the  pole  of  this  nucleus  eorreq>ond- 
ing  with  the  broad  pole  of  the  cell  is  a  very  definite  round  nuclecrfiffi 
with  a  vacuole  on  one  side.  This  body  takes  the  chromatin  staui 
heavily,  while  the  rest  of  the  nucleus  takes  it  very  lightly  and  the 
cytoplasm  of  the  cell  with  only  mediiun  density.  In  the  adult  the 
cells  measure  32  by  56  microns  at  thdr  broadest  point. 

The  third  nerve  branches  from  the  electric  nerve  immediatdy  upon 
leaving  the  brain,  but  continues  to  run  close  to  its  side  until  it  has 
passed  through  the  cranial  wall  (plate  vn,  fig.  6).  In  speaking  of 
the  electric  nerve,  it  will  be  understood  that  that  branch  of  the  third 
nerve  which  goes  to  the  rectus  superior  is  included  and,  for  that  mat- 
ter, that  the  electric  and  third  nerve  are  one  from  their  origin,  but  are 
given  separate  names  for  convenience.  The  other  branch  will  be  known 
as  the  third  nerve.  After  passing  through  the  cranial  wall  they  go 
direct  to  the  rectus  superior  muscle.  The  third  nerve  then  passes 
laterad  around  the  muscle,  dividing  at  the  same  time  into  three 
branches  for  the  three  muscles  which  it  is  to  innervate  (plate  vn, 
fig.  4).  The  small  ciliary  nerve  to  the  fifth  cranial  has  up  to  this  time 
been  in  such  close  connection  with  the  third  nerve  as  not  to  be  distin- 
guishable from  it,  but  now  separates  and  can  be  traced  into  the  sclera 
of  the  eye.  The  three  branches  of  the  third  nerve  pass  directly  through 
the  electric  organs  in  their  passage  to  the  muscles,  but  otherwise  tfaar 
behavior  is  perfectly  normal  and  as  described  for  the  20  nun.  embryo. 

The  electric  nerve  passes  with  its  entire  bulk  into  the  rectus  superior 
muscle,  the  branch  which  is  to  innervate  the  muscle  itself  being  aepsi- 
rated  from  it  just  previous  to  entering.  The  nerve  is  twice  as  wide  as 
the  muscle  itself,  so  that  it  tears  the  tissue  of  the  muscle  apart  as  it 
enters,  and  when  it  divides  in  the  muscle  its  branches  separate  the 
fibers  until  they  lose  all  connection  with  each  other.  One  very  smaU 
branch  of  the  electric  nerve  innervates  the  muscle;  the  rest  pass  out 
and  go  in  all  directions  through  the  electric  organs,  dividing  and  redi- 
viding  as  they  go  imtil  the  branches  are  no  wider  than  ordinary  nerves. 
Some  of  the  branches  turn  back  dorsally,  go  around  the  organs,  and 
enter  from  the  dorsal  end;  others  pass  directly  throu^  the  organs 
mesially  and  laterally  and  enter  the  organs  from  the  ventral  end,  while 
still  others  push  their  way  between  the  organs  in  a  ventral  direction, 
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entering  the  organs  on  either  side  as  they  go,  so  that  no  comer  of  the 
foiu*  electric  organs  escapes  their  reach,  no  matter  how  remote.  It  is 
possible  to  trace  each  nerve  to  the  particular  electroplax  which  it  inner- 
vates, but  since  all  are  branches  of  the  same  nerve  this  would  have  no 
significance.  The  nerves  enter  the  electric  organs  between  the  electro- 
plaxes  which  they  enter  on  the  dorsal  surface.  They  can  be  seen  to 
reach  all  points  on  the  surface,  but  the  nerve-endings  could  not  be 
observed  because  of  the  unsuitable  fixation. 

The  fourth  nerve  can  be  seen  to  arise  from  its  separate  center  in  the 
brain  and  to  have  no  connection  with  the  electric  nerves. 

The  circulation  has  made  rapid  advance  since  the  20  mm.  stage. 
Although  the  blood-vessels  in  most  instances  differentiate  more  rap- 
idly than  nerves,  the  arteries  to  the  electric  organ  are  not  formed  until 
after  the  innervation  has  been  completed.  In  the  33  mm.  embryo  the 
branches  of  the  carotid  which  nourish  the  eye-muscles  have  b^un  to 
give  off  small  vessels  at  intervals  which  enter  from  the  ventral  surface. 
A  large  branch  is  given  off  from  the  vessel  which  goes  to  the  rectus 
superior  and  another  from  the  vessel  which  goes  to  the  rectus  inferior; 
other  smaller  branches  are  contributed  by  the  vessels  which  go  to  the 
other  muscles.  A  point  in  this  connection  is  the  fact  that  those  mus- 
cles which  have  no  part  either  in  the  formation  of  the  electric  organ  or 
in  their  innervation  do  contribute  toward  their  nourishment,  so  that 
all  of  the  six  eye-muscles  are  in  some  way  involved. 

The  rectus  inferior  muscle  has  become  so  reduced  that  its  widest 
portion  is  no  wider  than  the  nerve  which  innervates  it  (plate  i,  jB.  inf.). 
It  passes  directly  through  the  electric  organs,  but  at  its  point  of  origin 
on  the  basiosphenoid  bone  there  are  no  muscle-fibers  at  all,  a  thin  con- 
nective-tissue tendon  attaching  it  to  the  bone.  At  a  point  slightly 
dorsal  and  some  distance  posterior  to  its  origin  muscle-fibers  begin  to 
appear  and  the  muscle  grows  gradually  wider.  It  is  small  wonder  that 
the  eyes  of  Astroscopus  do  not  have  the  power  of  movement  of  an 
ordinary  fish  when  the  rectus  inferior  muscle  has  degenerated  to  a  mere 
tendon  and  the  rectus  superior  has  been  split  into  several  parts  by  the 
huge  electric  nerve. 

STUDY  OF  AN  EMBRYO  45  MILLIMETERS  LONG. 

The  head  of  the  45  nun.  embryo  was  sectioned  serially  and  trans- 
versely, but  the  changes  showed  so  plainly  that  no  reconstruction  was 
made  of  it.  It  is  now  impossible  to  trace  the  divisions  between  the 
separate  electric  organs,  there  appearing  one  very  large  organ  which 
occupies  the  entire  space  between  the  eye  and  the  brain  and  extends 
from  the  dorsal  surface  to  a  point  not  far  from  the  ventral  surface 
of  the  OTabryo,  completely  inclosing  the  eye-muscle  (plate  vii,  fig.  3 
and  figs.  5-10). 
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There  is  no  change  in  either  the  innervati<xi  w  the  drculation  oi  this 
embryo. 

Tlie  eleotroplaxes  have  now  become  v^y  narrow  and  elongate  and 
are  arranged  in  parallel  rows,  strictly  parallel  excQ>t  at  the  extreme 
edges  <Nr  idiere  a  muscle  passes  throuf^    Ventrsdly  the  smf aoe  is 
completely  brokoi  up  into  papillsd  by  the  vacu<^,  a  few  <rf  which  still 
persist,  forming  bridges  across  from  one  to  the  other.    The  deetric 
layer  has  completely  lost  its  vacu<^,  but  no  black  rods  can  be  aeeo. 
The  striations  of  the  nutritive  layer  have  tak^i  on  an  entirely  new 
appearance,  differing  but  little  from  those  in  the  adult.    They  no 
longer  pass  straight  across  the  cell,  but  are  Ixoken  up  into  a  large 
nmnber  of  smaU,  curving  striations,  running  in  all  directions  and  over 
and  under  each  other  in  a  manner  which  gives  the  ^ect  of  a  maae. 
They  are  divided  into  groups,  however,  each  group  being  composed  of  a 
few  very  definite,  sharp  lines,  strictly  parallel  to  each  other,  but  with 
no  relation  to  the  lines  of  any  other  group.    The  lines  of  one  group  are 
all  in  one  curved  plane.    They  may  lie  over  or  under  another  group, 
but  not  between  the  lin^  of  another  group.    The  optical  ^ect  of  these 
lines  is  like  that  of  normal  muscle  striations,  there  being  a  dark  area 
dose  to  a  light  area  (plate  vi,  fig.  3,  adfuU). 

It  can  be  seen  in  section  that  the  curious  infddings  and  overiapi»ngs 
of  electroplaxes  are  beginning  to  form.    Some  of  the  electroplaxes  run 
along  parallel  to  the  rest  for  some  distance  and  then  drop  down  p^- 
pendiculariy  one,  two,  or  three  rows,  when  they  turn  and  continue  in  a 
straight  line  between  two  other  electroplaxes.    The  electroplaxes  be- 
tween which  they  pass  come  up  close  to  them  so  as  to  fill  in  the  spaces, 
but  whether  they  have  been  cut  in  two  by  the  dropping  of  the  etectro- 
plax  or  whether  it  has  merely  passed  between  two  shorter  electro- 
plaxes could  not  be  determined.    This  peculiar  phenomenon  has  not 
been  described  for  the  electric  organs  of  any  other  fish,  but  a  possible 
explanation  for  this  lies  in  the  fact  that  the  electroplaxes  of  Asbxh 
8Copus  must  turn  as  they  grow  in  order  to  properly  orient  themselves 
with  reference  to  each  other  and  to  the  body-surface,  so  that  it  is  not 
surprising  to  find  that  some  of  them  have  become  twisted  in  this  par- 
ticular manner  and  remain  so.    In  all  the  other  electric  fishes  which 
have  been  studied  up  to  the  present  time,  with  the  exception  of  Malop- 
terurusj  the  electric  tissues  have  been  derived  from  muscles  yvidch  are 
so  oriented  from  the  start  that  the  electroplaxes  come  off  from  them  in 
the  exact  position  best  suited  for  their  purpose.    They  have,  therefore, 
only  to  increase  in  length  and  to  multiply  thdr  nuclei  in  order  to  form 
the  regular  parallel  rows  which  are  invariably  found  in  the  adult  organ. 

It  is  not  mere  chance,  however,  that  the  electric  organs  are  formed  of 
parallel  electroplaxes  any  more  than  it  is  by  chance  that  the  electro- 
plaxes are  long,  narrow  cells  with  a  definite  polarization.  In  ordar  to 
get  an  electric  current  the  cells  must  be  parallel,  they  must  be  polarised, 
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and  the  ciirrent  is  more  effective  if  they  be  long  and  narrow,  since  then 
the  resistance  to  the  current  is  less.  In  Astroscopus  the  electroplaxes 
are  formed  from  four  different  muscles,  running  in  four  different  direc- 
tions. The  necessity  for  orientation  is  therefore  evident.  The  process 
takes  place  between  the  20  mm.  and  the  45  mm.  stages.  In  the  20  mm. 
embryo  the  electric  tissue  is  still  a  part  of  the  muscles,  though  sepa- 
rating from  them  at  the  ends.  In  the  33  mm.  embryo  the  organs  are 
quite  separate  from  the  eye-muscles,  but  still  exist  as  four  separate 
organs,  each  oi^an  lying  in  the  position  in  which  it  came  off  from  the 
muscle,  so  that  they  lie  in  four  different  directions.  The  electroplaxes 
of  each  separate  organ  lie  approximately  equal  to  each  other  in  the 
middle,  but  on  the  edges  they  may  be  found  in  all  stages  of  orientation, 
some  of  them  having  assumed  the  shape  of  horse-shoes,  crescents,  etc. 

From  the  first  the  electroplaxes  are  very  evenly  spaced  in  the  lon- 
gitudinal direction  and  closely  interlocked  in  the  other.  The  cells 
elongate  as  they  turn  and  the  two  processes  occiuring  at  the  same  time 
probably  account  for  the  curious  overlapping  of  the  electroplaxes 
described  above.  There  appears  to  be  a  much  larger  number  of  the 
short  electroplaxes  in  the  33  mm.  stage  than  there  are  of  the  longer 
electroplaxes  of  the  45  mm.  stage — doubtless  another  expression  of  this 
peculiar  turning  which  enables  the  microtome  knife  to  cut  them  in 
various  planes,  so  that  there  appears  to  be  a  larger  number  of  them  than 
there  really  is.  This  fact  also  lends  groimds  for  the  idea  that  the 
electroplaxes  in  dropping  from  one  row  to  another  may  cut  through 
an  otherwise  single  electroplax,  making  two  where  there  was  but  one. 

The  process  of  orientation  has  been  practically  completed  by  the  46 
mm.  stage  when  the  electroplaxes  are  found  in  their  final  position, 
parallel  to  each  other  and  to  the  body-surface.  At  the  extreme  edges 
the  electroplaxes  never  do  completely  straighten  out,  for  it  would  seem 
that  the  body  is  not  wide  enough  to  accommodate  the  rapid  growth  of 
the  electroplaxes,  which  continue  to  grow  as  long  as  the  growth  of  the 
fish  continues.  Another  place  where  the  electroplaxes  do  not  become 
strictly  parallel  is  where  the  muscles  pass  through  the  electric  organ. 
There  is  always  a  considerable  amount  of  space  around  the  muscle  and 
the  electroplaxes  bend  in  toward  each  other  at  the  edges,  making  a  wall 
around  them.  At  the  extreme  dorsal  and  ventral  surfaces  of  Uie  organ, 
also,  the  electroplaxes  are  crowded  up  closer  thim  usual,  ^th  these 
few  exceptions,  by  the  time  the  fish  is  45  mm.  long  the  arrangement  of 
the  electroplaxes  is  strictly  parallel  and  at  even  distances  from  one 
another. 

The  extraordinary  regularity  of  the  spacing  is  a  very  striking  point. 
The  width  of  the  area  between  the  electroplaxes  does  not  vary  more 
than  0.5  micron  anywhere  in  the  organ.  Looking  to  the  other  electric 
fishes  for  comparison,  we  find  that,  with  the  exception  of  MalopteruruSf 
all  exhibit  this  same  remarkable  regularity,  but  that  in  some  forms  the 
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electroplaxeB  are  much  wider  apart  than  m  others.  For  instance,  in 
Astro9capii8  there  is  a  distance  of  12  microns  between  every  two  dec- 
troplaxes,  while  in  the  Rajid®  the  distances  vary  in  the  different  spe^Aes 
from  15  to  75  microns.  In  Torpedo  occidentalts  there  are  5  microns 
between  the  electroplaxes,  in  Torpedo  oceUata  4  to  8,  and  in  Gymnotu^ 
15;  while  in  the  Mormyrid®  the  space  is  very  large. 

EXPERIMENTAL 

It  was  hoped  at  one  time  that  the  shock  of  Astroscopus  might  be 
accurately  measured  and  so  given  its  place  among  the  other  dectric 
fishes.  One  living  specimen  was  sent  from  Norfolk,  Virginia,  to  the 
Princeton  aquarium,  where,  with  the  aid  of  a  physicist,  Ptofessor 
Adams,  of  Princeton  University,  a  few  experiments  were  carried  on. 
Unfortunately  the  specimen  was  so  weak  from  exhaustion  when  it 
arrived  that  only  fatigue  phenomena  could  be  observed,  and  since  the 
specimen  never  revived  it  was  impossible  to  measure  the  current  with 
any  accuracy.  It  was  possible,  however,  to  make  a  few  observations 
of  value.  The  direction  of  the  current  was  tested  and  found  to  agree 
with  Pacini's  law  (7$) — ^in  other  words,  to  pass  from  the  motor  to  the 
nutritive  layer  of  the  electroplax.  With  the  exception  of  Maioptenaiis, 
all  electric  fishes  examined  in  this  r^ard  have  been  foimd  to  agree  with 
Pacini's  law.  The  exception  of  Malopterurus  in  this  respect  is  probably 
not  a  serious  one,  since  it  was  already  known  to  differ  from  other  electric 
fishes  in  nearly  all  respects  except  the  power  to  give  electric  shocks  and 
in  its  possession  of  the  characteristic  transparent  jelly-like  areas. 

In  Gymnoius  and  Mormyrus  (Garten  49),  where  the  electric  layer  is 
posterior  to  the  nutritive,  the  current  passes  from  tail  to  head.  In 
Raja,  which  has  its  electric  area  on  the  anterior  side,  the  current  passes 
from  head  to  tail.  In  Torpedo  the  electric  disk  is  on  the  ventral  side 
and  the  current  passes  from  ventral  to  dorsal,  and  now  it  is  seen  that  in 
Astroscopus  the  current  passes  from  dorsal  to  ventral,  the  electric  sur- 
face being  on  the  dorsal  side.  No  living  specimen  of  Gymnarchtts  has 
been  obtained,  but  the  general  resemblance  of  the  organs  of  this  fish 
(both  in  structure  and  origin)  to  those  of  the  other  Mormyridse  leaves 
very  little  room  for  doubt  that  the  current  passes  from  tail  to  head,  as 
in  those  fishes. 

The  current  entering  on  the  dorsal  side  in  Astroscopus  makes  the 
dorsal  surface  negative  to  the  ventral ;  the  nerve-endings  are  therefore 
all  on  the  n^ative  side.  Although  the  organs  of  the  various  fish  are 
innervated  in  quite  different  ways,  yet  in  every  case  the  entire  electric 
surface  is  covered  with  nerve-endings,  so  that  if  it  be  the  nerve  and  not 
the  organ  which  generates  the  electricity  the  amoimt  of  electric  surface 
and  the  arrangement  of  the  surfaces  would  still  be  significant. 
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DISCUSSION. 

Bernstein  and  Tschermak  (13)  have  suggested  that  the  electrical  dis- 
charges may  be  produced  by  different  concentrations  of  sodium  chloride 
in  the  electroplaxes  and  in  the  intervening  connective  tissue,  a  theory 
which  necessitates  the  presence  of  a  membrane  between  the  two  solu- 
tions which  is  permeable  to  one  kind  of  ions  and  not  to  the  other.  Such 
a  membrane  is  not  known  to  be  present,  but  neither  is  there  any  evi- 
dence against  its  existence,  and  without  it  the  bio-electric  current 
would  appear  to  be  arising  without  the  ionization  of  anything.  The 
principle  of  the  bio-electric  current  is  that  normal  sodium  chloride  and 
concentrated  sodium-chloride  solutions  coming  in  contact  diffuse  their 
ions  at  different  rates,  causing  currents  in  small  amounts,  just  as  they 
do  in  a  muscle  where  such  a  membrane  is  known  to  exist. 

Engelmann  (39)  has  compared  the  thin,  dark  areas  (electric)  of  the 
electric  organs  with  the  isotropic  portion  of  the  muscle-tissue,  and  the 
thick,  light  area  (nutritive)  with  the  anisotropic  portion.  The  action 
current  of  an  electric  organ  is  the  same  as  that  of  an  ordinary  striated 
muscle,  except  that  the  arrangement  of  the  electroplaxes  in  a  column 
makes  appreciable  an  otherwise  insignificant  current.  The  action  cur- 
rent of  muscle  can  only  be  detected  by  the  galvanometer,  while  that  of 
an  electric  organ  can  be  felt  by  the  hand.  Muscle,  however,  can  be 
stimulated  to  give  off  electricity  by  mechanical,  thermal,  and  chemical 
means  as  well  as  by  the  stimulation  of  the  nerve.  It  can  also  be  effec- 
tively paralyzed  by  small  doses  of  curare  and  atropin,  so  that  the  nerves 
themselves  are  not  affected,  whereas  electric  organs  can  not  be  par- 
alyzed imless  the  nerves  are  rendered  powerless. 

The  strength  of  the  shock  in  fishes  is  made  possible  by  the  arrange- 
ment of  the  electroplaxes  in  a  column.  In  a  battery,  when  the  cells  are 
arranged  so  that  all  the  positive  poles  are  connected  together  and  all 
the  negative  poles  together,  they  are  said  to  be  arranged  in  parallel, 
and  when  each  positive  pole  is  connected  with  a  negative  one,  they  are 

said  to  be  arranged  in  series.    According  to  Ohm's  law,  C'=p,  where 

C=  the  strength  of  the  current  measured  in  amperes,  B=  the  electro- 
motive force  measured  in  volts,  and  fi=  the  resistance  measured  in 
ohms.  Now,  when  the  cells  are  arranged  in  series  the  electromotive 
force  of  the  combination  is  the  sum  of  the  electromotive  forces  of  the 
several  cells,  and  the  resistance  of  the  cells  is  the  sum  of  the  resist- 
ances of  the  separate  cells,  providing  high  voltage  and  therefore  high 
shocking  power,  but  little  current.  When  the  cells  are  arranged  in 
parallel  the  electromotive  force  is  the  same  as  that  of  one  cell,  while  the 
resistance  is  less,  being  inversely  proportional  to  the  number  of  cells, 
thus  providing  a  large  ciurent  but  low  shocking  power.  By  combining 
these  two  arrangements — that  is,  by  putting  the  cells  of  one  group  in 
series    and   then  joining  several  such  groups  in   parallel — various 
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degrees  of  shocking  power  ¥rith  much  or  little  current  may  be  obtained 
(KimbaUiT). 

In  the  case  of  the  electric  fishes  it  would  seem  that  the  electric  organ 
itself  forms  the  battery  in  which  the  different  concentrations  of  sodium 
chloride  form  the  poles,  and  in  which  the  electroplax  takes  the  place  of 
the  battery  cell;  or  if  the  organ  be  composed  of  colimms,  Uien  eadi  col- 
lunn  is  a  complete  battery  in  itself,  in  turn  acting  as  a  cell  in  the  lai^ier 
battery,  the  electric  organ.  The  surrounding  mediimi,  salt  or  fresh  as 
the  case  may  be,  forms  the  conductor,  and  the  nerves  form  the  key 
which  closes  the  circuit.  When  the  nerve  is  stimulated  the  circuit  is 
closed  and  the  organ  gives  a  shock.  The  organ  being  self-excitatory, 
is  peculiarly  adapted  to  give  interrupted  shocks  after  the  manner  of  an 
induction  coil,  for  when  the  nerve  has  been  restimulated  by  the  first 
shock  it  will  go  on  opening  and  closing  the  key  imtil  the  organ  is  wchtb 
out  by  fatigue.  Gotch  has  shown  that  it  is  as  impossible  to  fatigue  the 
electric  tissue  as  it  is  to  paralyze  it  unless  the  nerve  be  fatigued  (m). 

In  nearly  all  the  electric  fishes  the  electric  organs  are  divided  into 
columns.  In  Torpedo  oceUata,  for  example,  there  are  450  columns  in 
each  electric  oi^an  and  400  didcs  in  each  colunm  (Grotch  m)  .  The  cur- 
rent in  this  fish  goes  from  ventral  to  dorsal,  the  ventral  surface  bdng 
negative  to  the  dorsal  one.  In  each  column  the  disk  nearest  the  ven- 
tral surface  of  the  body  will  present  its  negative  side  to  the  surface, 
while  the  disk  nearest  the  dorsal  end  will  present  its  positive  side,  so 
that  to  complete  the  circuit  between  these  two  points  it  will  be  neces- 
sary to  connect  a  positive  with  a  negative  surface.  Thus  the  electaro- 
plaxes  of  each  column  will  be  arranged  in  series,  so  that  the  voltage  of  a 
column  will  be  equal  to  that  of  all  400  disks  combined,  the  amperage 
that  of  one.  The  450  columns  of  the  electric  organ,  however,  are 
arranged  in  parallel,  since  all  the  surfaces  facing  the  dorsal  side  of  the 
body  will  be  positive  and  all  those  facing  the  ventral  side  will  be  nega- 
tive. In  Torpedo  oceUatay  therefore,  the  amperage  will  be  450  times  that 
of  one  colunm,  the  voltage  400  times  that  of  one  electroplax,  a  condi- 
tion providing  for  a  large  amount  of  electricity  and  at  the  same  time  for 
a  comparatively  strong  shock.  Salt  water  is  a  million  times  better 
conductor  than  fresh  water  (DuBois-Reymond),  thus  furnishing  very 
little  resistance,  so  that  Torpedo,  althou^^  a  fish  of  sluggish  habits,  has 
everything  in  its  favor  for  effectively  shocking  its  enemies,  high  voltage, 
high  amperage,  and  low  resistance. 

In  Gymnotus  there  are  four  electric  organs  lying  lengthwise  in  the 
body  and  divided  into  a  variable  number  of  columns,  each  of  which  may 
have  as  many  as  10,000  electroplaxes.  Here,  as  in  Torpedo,  the  col- 
unms  as  well  as  the  four  organs  themselves  are  arranged  in  parallel  and 
the  electroplaxes  in  series.  The  resistance  of  fresh  water  is  very  great, 
but  the  arrangement  of  the  columns  in  parallel  provides  for  a  larger 
amount  of  electricity  and  the  extraordinary  number  of  electroplaxes  in 
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series  overcomes  the  resistance  sufficiently  to  give  a  very  strong  shock. 
In  Malopterurus  also  the  arrangement  of  the  disks  is  an  extensive  one, 
even  though  not  apparently  arranged  in  either  parallel  or  series,  and  so 
is  adapted  to  the  high  resistance  of  the  water. 

It  has  been  calculated,  (Schdnlein  8S)  that  the  electromotive  force  in 
one  disk  of  Raja  is  0.03,  in  Torpedo  0.04,  and  in  Malopterurus  may 
reach  as  high  as  0.45  volt.  These  results  show  that  aside  from  the 
number  of  electroplaxes  there  is  a  specific  difference  in  the  power  of  the  in- 
dividual electroplax.  It  was  most  imfortimate  that  thevoltageof  A^^o- 
acopus  could  not  be  determined,  as  it  might  then  be  possible  to  explain 
why  AstroscapuSf  which  has  as  many  as  200  electric  layers  in  each  organ, 
arranged  in  series,  and  with  no  apparent  resistance,  should  still  have 
a  shock  so  much  weaker  than  Torpedo,  as  all  reports  would  indicate. 

The  oi^an  of  AatroscoptASy  unlike  the  other  electric  organs,  is  not 
divided  into  columns,  the  diiuneter  of  a  single  electric  layer  being  equal 
to  one-third  the  diameter  of  the  fish.  When  a  current  passes  through 
a  copper  wire  the  resistance  to  the  passage  of  the  current  is  inversely 
proportional  to  the  diameter  of  the  wire.  Therefore,  were  the  diamet^ 
of  a  single  electric  layer  in  AstroacopiLS  equal  to  the  sums  of  the  diam- 
eters of  the  450  colunms  in  Torpedo,  the  amperage  of  Aatroscopus  would 
be  equal  to  that  of  Torpedo  with  only  one  column.  As  a  matter  of  fact, 
the  diameter  of  the  organ  in  Astroacoptis  is  much  less  than  that  of  the 
columns  in  Torpedo,  although  the  exact  amount  has  not  been  computed. 
The  amperage  is  therefore  low,  but  the  voltage  being  the  sum  of  the  200 
dectric  layers  should  be  a  little  less  than  half  that  of  Torpedo  ocellata. 
Since  it  is  known  to  be  less  than  that,  it  must  be  that  the  qualitative 
differences  in  the  structure  of  the  electroplaxes  themselves  may  offer 
various  grades  of  resistance  and  so  account  for  otherwise  inexplicable 
differences  in  voltage.  Still,  the  organ  of  Aatroscopus  has  been  meas- 
ured only  in  small  and  much  fatigued  fishes. 

A  comparison  of  the  marine  electric  fishes  demonstrates  that  with 
the  increase  in  voltage  there  is  correlated  not  only  an  increase  in  the 
number  of  columns  and  in  the  electroplaxes  in  a  column,  but  also  a 
decrease  in  the  width  of  the  electroplaxes  and  in  the  area  between 
them.  In  the  fresh-water  fishes  the  same  general  principles  hold, 
except  that  in  Qymnotus  the  electroplaxes  are  only  slightly  thinner  than 
in  the  Mormyridse.  The  thickness  in  Mormyrus  is  450  microns,  in  the 
Rajidffi  from  300  to  700,  and  in  Gymnotus  200,  in  contrast  to  35  in 
AatroscoptAS  and  15  in  Torpedo.  In  comparison  with  the  number  of  the 
electroplaxes  in  a  colunm,  however,  the  electroplax  in  Oymnotua  is  not  a 
great  deal  thicker  than  that  of  Torpedo,  so  it  is  possible  that  the  amount 
of  material  may  affect  the  strength  of  the  shock  by  offering  some 
resistance  to  the  current. 

It  has  been  noted  that  in  the  so-called  weak  electric  fishes  the  nutri- 
tive layer  of  the  electroplax  is  very  definitely  striated,  as  though  it  had 
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not  loet  all  relaticm  to  the  original  muscle-cell.     Also,  in  the  Mor- 
nnTida"  the  electric  oifans  of  some  of  the  forms  are  connected  to  the 
muscle  in  the  adult  instead  of  being  con4>letely  free  as  usual.     In 
AstroscopuB  the  striations  are  as  definite  as  in  the  weakest  fishes  and  so 
numerous  as  to  be  seen  up  into  the  electric  layer.    In  Torpedo  and 
GymnotuB,  on  the  other  hand,  the  electroplaxes  have  no  structures  to 
remind  one  of  their  muscular  origin.    In  Torpedo  they  exist  in  the 
embryo  only  and  are  mere  fibrillaticHis,  which  in  the  case  of  Gymnotus 
are  80  reduced  as  to  be  recognized  as  striations  only  from  a  compara- 
tive study  of  the  other  forms.    Are  we  here  witnessing  one  phase  in  the 
evolution  of  electric  organs,  and  are  we  justified  in  making  these  com- 
parisons between  such  widely  unrelated  fcmns?    We  can  not,  of  course, 
consider  the  transition  from  a  mormjrrid  to  one  of  the  Rajidfie  a  case  of 
natural  selection,  but  if  selection  is  taking  place  separately  in  each  of 
the  groups  we  may  say  that  in  the  M ormyridie  the  evolution  of  the 
electric  organs  has  advanced  to  a  much  less  d^;ree  than  in  Torpedo  ixin 
GynwotuSy  and  the  lack  of  tranational  stages  in  the  groups  themselves 
may  not  mean  that  they  do  not  or  have  not  existed.    In  the  Rajidse  a 
ver>'  definite  series  exists,  from  forms  with  wholly  undifferentiated 
electric  tissue  to  those  with  definite  electroplaxes,  and  not  all  torpe- 
does have  shocks  of  the  same  intensity.    It  is  probable,  ther^ore, 
that  the  appearance  of  electric  organs  in  the  separate  groups  is  a  ease  of 
parallelism,  evolution  having  taken  place  independ^itly  in  each  indi- 
\idual  group.    This  paralldism  may  be  accoimted  for  by  assuming  that 
the  evolutionary  processes  are  ccmtinually  working  on  the  minute  elec- 
trical discharge  known  to  accompany  the  activities  of  muscle-cells,  and 
that  under  proper  environmental  stimulus  any  fish  might  develop  simi- 
lar organs.    What  external  factors  initiate  this  development  are  not 
apparent,  since  electric  organs  appear  to  have  developed  simultane- 
ously in  fishes  which  lie  buried  in  the  sand  on  the  bottom  of  the  ocean 
and  in  fishes  which  swim  freely  about  in  both  fresh  and  salt  wat^s. 
The  position  of  the  organ  in  the  body  of  the  fish  is  individually  adapted 
to  the  mode  of  life,  those  fishes  which  are  commonly  attacked  from 
above  developing  electric  organs  in  a  dorso-ventral  position,  while 
those  which  swim  freely  in  the  water  have  antero-pc«terior  electric 
organs.    The  primary  use  of  the  oi^an  is  probably  that  of  protection, 
the  capturing  of  food  being  a  secondary  adaptation. 

SUMMARY. 

1 .  Each  of  the  two  electric  organs  of  Aatroscopits  giUtatv^  is  originally 
composed  of  four  separate  elements,  each  derived  from  one  of  the  six 
eye-muscles.  The  rectus  inferior  and  obUquus  inferior  muscles  are  the 
nearest  to  the  ventral  surfaces  of  the  animal  and  are  the  only  ones  which 
do  not  contribute  any  electric  tissue  to  the  formation  of  the  organ. 
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j^  ^  2.  The  four  organs  b^in  to  di£ferentiate  before  the  embryo  is  14  mm. 

'^^^0         in  length.    The  first  indication  of  the  change  is  a  slight  darkening  of 
^  jp.  the  muscle-cells  on  one  edge  of  the  muscle,  followed  by  a  multiplication 

^ii3?  ^^  nuclei  and  the  rapid  growth  of  the  cells.    No  such  areas  form  on 

\  L    \  muscles  which  do  not  form  electric  organs. 

Lj-j  3.  The  electroblasts  are  completely  differentiated  by  the  20  nam.  stage 

^  and  the  organs  have  separated  from  the  muscle  by  the  35  nun.  stage. 

4.  Between  the  33  nun.  and  the  45  mm.  stages  the  four  oi^ans,  now 
separated  from  the  eye-muscle,  orient  themselves  imtil  their  constitu- 
ent electroplaxes  become  parallel  to  the  dorsal  and  ventral  surfaces  of 
the  body  of  the  fish  and  imite  to  form  one  large  organ  with  a  diameter 

f  ^  equal  to  one-third  the  diameter  of  the  head  of  the  fish. 

5.  Each  electroplax  is  formed  by  the  modification  of  a  single  myo- 
blast cell. 

6.  The  nuclei  multiply  and  differentiate  to  form  electric  and  motor 
nuclei.    The  electric  nuclei  are  wide  and  flat,  and  arranged  in  a  regular 

^';  series  on  the  negative  surface  of  the  electroplax.    They  have  a  definite 

nucleolus  and  faint  chromatic  threads.  The  nutritive  nuclei  are 
large  and  round,  with  several  aggregates  of  chromatin  but  no  definite 
nucleolus. 

7.  The  cytoplasm  differentiates  into  electric  and  nutritive  layers. 

8.  There  are  no  easily  visible  myofibrillations,  but  the  longitudinal 
striations  persist  in  the  nutritive  layer  and  are  broken  up  into  short, 
curved  striations,  very  definite  in  outline.  They  can  be  traced  into 
the  electric  layer. 

9.  The  vacuoles  of  the  dorsal  surface  disappear,  but  those  of  the 
ventral  surface  break  through  the  membrane  to  form  the  papilke  and 
the  protoplasmic  bridges  which  characterize  the  nutritive  surface. 

10.  The  electroplax  is  35  microns  in  width,  one-third  of  which  is  elec- 
tric and  two-thirds  nutritive  material.  It  is  twice  as  wide  as  the 
electroplax  of  Torpedoy  but  only  half  as  wide  as  that  of  the  weak 
electric  fishes. 

1 1 .  The  electroplaxes  are  arranged  in  a  parallel  series,  but  some  are 
carried  down  one  or  more  layers  in  the  process  of  orientation,  so  that 
they  form  a  part  of  the  lower  layers. 

12.  The  electric  organ  is  innervated  by  that  branch  of  the  oculomotor 
nerve  which  supplies  the  rectus  superior  muscle.  It  begins  to  differ- 
entiate during  the  20  mm.  stage  and  is  complete  by  the  33  mm.  stage. 

13.  The  electric  and  third  nerves  leave  the  brain  together  from  the 
same  nucleus,  but  separate  before  passing  through  the  cranial  wall. 
The  electric  nerve  passes  bodily  into  the  rectus  superior  muscle,  the 
fibers  of  which  are  torn  apart  by  the  process. 

14.  The  branches  of  the  nerve  reach  every  comer  of  the  electric 
organ  and  end  on  the  dorsal  surface  of  each  electroplax. 


t'  ? 
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15.  The  electric  motor-cells  are  formed  in  the  region  of  the  third 
nucleus,  mesial,  dorsal,  and  ventral,  of  the  fasciculus  lon^tudinalis 
dorsalis.  They  are  large,  egg-shaped  cells  with  prominent  nucleus  and 
nucleolus. 

16.  The  blood  supply  of  the  electric  organ  is  furnished  by  vessels  from 
those  branches  of  the  external  carotid  artery  which  go  to  the  six  eye- 
muscles. 

17.  The  blood  supply  does  not  b^in  to  differentiate  imtil  the  embryo 
is  nearly  33  mm.  long,  and  is  not  complete  until  the  45  mm.  stage.  It 
is  the  last  of  the  structiu*es  connected  with  the  electric  organs  to  begin 
development. 

18.  The  electric  organ  of  A9bro9copu8  can  be  stimulated  by  touch, 
and  by  chemical  or  electrical  stimuli  applied  to  the  skin.  It  is  also 
probably  operated  from  some  of  the  optic  centers. 

19.  The  current  passes  from  the  dorsal  to  the  ventral  surface  in 
accordance  with  Pacini's  law. 
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EXPLANATION  OF  PLATES. 

I.  9.5  mm.  embryo,  X250.     Diagrammatic  anterior  view  of  eyes  to  show  relation  of 
electric  tissue  (stippled)  to  eye-muscles. 


R.  Ex Rectus  externus  muade. 

R.  Int Rectus  internus  musele. 

R.  Inf Rectus  inferior  musde. 

R.  Sup Rectus  superior  muscle. 


O.  Inf Obliquus  inferior  musele. 

O.  Sup Obliquus  superior  muscle. 

Ex.  C. External  carotid  artery. 


II.  20  mm.  embryo,  X200.    Diagrammatic  anterior  view  of  eyes  to  show  increase  of 
electric    tissue   (stippled)  and  relation  (^  cranial  nerves  to   eye-muscks. 
Roman  numerals  indicate  cranial  nerves. 
III.  20  mm.  embryo,  X475.    Diagrammatic  median  view  of  left  eye. 
rv.  33  mm.  embryo,  X200.    Diagrammatic  anterior  view  of  eyes  to  show  relaticMi  of 
nerve  III  to  eye-muscks  and  to  the  four  separate  electric  organs  (stippled). 
To  left  is  shown  the  electric  branch  of  nerve  III  and  to  right  the  oculomotor 
branch. 
V.  Rectus  internus  muscle.    Four  stages  to  show  gradual  growth  and  differentiation  of 
electric  tissue  on  the  young  muscle. 
Fig.  1.  4  mm.  embryo.    Cross-section.    Electric  area  slightly  darker  than  muscle 

area. 
Fig.  2.  9.5  mm.  embryo.     Cross-section.    Electric  area  increased  in  sise  and 

staining  capacity. 
Fig.  3.  14  nun.  embryo.    Oblique  section.    Electroblasts  multinucleate. 
Fig.  4.  20  mm.  embryo.     Cross-section  showing  only  a  pmtion  of  the  dectrio 
area.    Electroblasts  vacuolated.    Myoblasts  striated. 


El Electroblast.  multinucleate. 

M Myoblast. 

V Vacuole. 


Un.  N Undifferentiated  nucleus 

ol  electroblast 

N Nuebtts  d  myoblast. 

8 Striatioiis. 


VI.  Elecirc^laxes.    Three  stages  to  show  growth  and  differentiation  of  aduH  electroplax 
from  single  electroblast. 
Fig.   1.  20  mm.  embryo.    Single  electroblast.    Longitudinal  section  to  show 
formation  of  ventral  papi^  from  vacuoles.    Nuclei  undifferentiated. 


El Electric  area  of  <>1ectroblast. 

N Nutritire  area. 

D.  V Dorsal  Taenolc. 

V.  V Ventral  racuole. 


Un  Nu Undifferentiated  nucleus. 

8 StriatioQ. 

P Papilla. 


Fig.  2.  33  mm.  embryo.    Longitudinal  section  of  electroplax.    Nutritive  and 
electric  areas  differentiated.    Striations  strai^  and  regular. 

El.  Nu Electric  nucleus.  N.  Nu Nutritive  nucleus. 
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VI.  ElectropUxe«.— <7oti<uiii0d 

Fig.  3.  Adult.    Longitudmal  sectioii  of  portkm  of  dectroplax.    Doraal  vacuolee 
have  entirely  disappeared.    Striationi  broken  and  curved. 

Ch.  R. Chrom*tio  rod.  C Cooneettre  tuaue. 

Ne Nenre-lllw.  C.  V VMuole  in  oooneetrve  tuMie. 

B Blood-veMel. 

Vn.  Photomicrogn^hs. 

Fig.  1.  20  mm.  embryo,  X80.    Electric  area  to  show  rdation  of  deotric  to  mus- 
cle tissue. 

R.  Ex Rectus  extemuB  muscle.  R.  Inf Rectus  inferior  miM^ 

R.  Su Rectus  superior  muscle.  A Artery. 

Fig.  2.  33  mm.  embryo,  X35.    Mectrio  area  to  show  four  separate  electric  organs 

in  position. 
Fig.  3.  80  mm.  embryo,    X35.    Portion    of   electric  area.    Fiben  <^  rectus 

superior  muscle  separated  by  electric  nerve.    Overiai^ing  of  eiectropkxtB 

shown. 
Fig.  4.  33  mm.  embryo,  X85.    Electric  nerve  passing  through  rectus  enxpenor 

muscle.    Oculomotor  nerve.    Three  branches  of  ocukunoUMr  to  right. 
Fig.  5.  4.5  mm.  embryo,  X85.    Electric  and  ocalomotcHr  brandhes  of  m  nerve, 

immediately  after  leaving  Inrain.    Qani^Jon  oi  V  nerve  below. 
Fig.  6.  46  mm.  embr3ro,  X85.    Electric  and  oculomotor  brandhes  of  HE  nerve 

passing  through  the  foramen  in  the  cranial  walL 
Fig.  7.  45  nmi.  embryo,  X85.    Electric  nerve  in  rectus  supoior  muscle.  Brancbee 

of  ocuknnotor  to  right  of  muscle. 
Fig.  8.  45  mm.  embryo,  X85.    Large  brandi  of  electric  nerve  entering  dectric 

organ.    Oculomotor  to  ri^t. 
Fig.  9.  45  mm.  embryo,  X85.    View  from  of^XMUte  side  of  embryo.     Fibere  of 

rectus  superior  muscle  entirely  separated  by  dectric  nerve.    Nerve  breaking 

up  in  muscle  to  form  branches.    Oculomotor  to  left. 
Fig.  10.  45  mm.  embryo,  X85.    Branches  of  electric  nerve  after  leaving  rectus 

superior  muscle,  going  to  various  parts  of  the  electric  organ.    ENranohes  of 

ocukxnot<H'  separating  to  go  to  muscles. 
Fig.  11.  80  mm.  embryo,  X85.    Fibers  of  rectus  superior  muscle  almost  oblit- 
erated by  the  electric  nerve. 


{ 


^<% 


) 


»r  -  -•      - 


a.-. 


*■(•" 


VII. 


TOXIC  EFFECTS  DUE  TO  HIGH  TEMPERATURE. 


By  ALFRED  GOLDSBOROUGH  MAYER. 


173 


TOXIC  EFFECTS  DUE  TO  HIGH  TEMPERATURE. 


By  Alfred  Ctoldsborouoh  Mayer. 


The  experiments  cited  below  appear  to  indicate  that  death  from  high 
temperature  may  be  due  to  the  accumulation  of  acid  in  the  tissues. 

Reef  corals  from  Tortugas,  Florida,  were  kept  at  a  constant  tem- 
perature in  warm  ocean-water  for  60  minutes  in  a  thermostat,  in  the 
dark  the  temperature  remaining  constant  within  about  0.1^  C.  through- 
out the  hour.  In  this  manner  the  temperature  was  found  that  is  just 
sufficient  to  kill  the  coral.    The  results  are  as  follows: 


Acropora  murioata 34.7 

Orbicdla  annularis 35.6 

Ponies  astneoides 35.8 

Pontes  clavaria 36.4 


Mffiandra  areolata 36.8 

Pontes  furcata 36.85 

Faviafragum 37.05 

Siderastrea  radians 38.2 


It  is  apparent  that  those  corals  which  live  in  cool,  relatively  agitated 
water,  free  from  silt,  are  those  that  can  not  withstand  high  tem- 
peratures, whereas  those  which  live  in  the  hot,  silt-laden  shallows  near 
shore  are,  generally  speaking,  forms  which  can  resist  high  temperature. 
Faviafragum  is,  however,  an  exception,  for  it  lives  not  only  in  the  shal- 
lows close  to  shore,  but  also  in  the  pure  water  of  the  seaward  reefs. 

If  sea-water  be  charged  to  saturation  with  carbon-dioxide  gas  from  a 
soda-water  siphon,  the  corals  show  nearly  the  same  relative  resistance 
to  the  toxic  effect  of  carbonic  acid  as  they  do  to  high  ten4)erature. 
Thus  these  corals  from  least  to  most  resistant  are  Acropora  muricaUiy 
Orbicella  annularis,  Porites  astrcBoides,  P.  clavaria,  P.  furcata,  Mceandra 
areolata,  Favia  fragum,  Siderastrea  radians.  A.  muricata  die  in  less 
than  an  hour  and  S.  radians  survive  for  more  than  4  hours.  In  my 
experiments,  however,  M.  areolata  appeared  to  be  slightly  more  resist- 
ant to  CO2  than  does  Porites  furcata,  whereas  the  reverse  is  the  case 
with  high  temperature ;  but  the  two  forms  are  so  nearly  alike  in  their 
reaction  that  the  discrepancy  may  be  due  to  errors  in  experimentation 
or  to  individual  differences  of  constitution  in  the  specimens,  for  there  is 
considerable  range  in  this  respect.  The  toxic  eflfect  of  CO2  niay,  how- 
ever, be  independent  of  asphyxiation,  and  this  supposition  is  strength- 
ened by  the  fact  that  with  the  exception  of  Acropora  muricata,  all 
of  these  corals  can  survive  in  the  dark  for  more  than  1 1  hours  in  sea- 
water  deprived  of  oxygen  under  an  air-pimip;  and  even  Acropora 
muricata  can  withstand  6  hours  of  this  treatment. 

It  will  be  recalled  that  Henze  (1910)  found  that  sea-anemones  con- 
sume less  oxygen  as  the  oxygen  in  the  surrounding  sea-water  is  reduced ; 
and  in  1917  McClendon  discovered  that  the  medusa  Cassiopea  can  live 
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in  the  dark  for  more  than  7  hours  without  oxygen  and  und^  this  con- 
dition it  produces  no  appreciable  amount  (A  CO2.  In  other  words, 
these  coelenterates  can,  if  deprived  of  oxygen,  suspend  their  metabo- 
lism for  a  more  or  less  protracted  period  without  appar^at  injury. 

Moreover,  I  find  that  a  constant  his^  temperature  causes  death  in 
the  same  time,  whether  the  sea-water  surrounding  the  corals  has  Uie 
normal  concentration  of  about  4.3  c.c.  oxygen  per  liter,  or  the  oxygen 
be  supersaturated  at  6.6  c.c.  per  liter,  or  reduced  by  being  placed  und^ 
an  air-pump  to  1.7  c.c.  per  liter.  Apparently,  therefore,  there  is  no 
direct  relation  between  the  oxygen  supply  and  the  death  temperature. 
The  death  temperatiu^  also  remains  the  same  whether  the  corals  be 
in  sunlight  or  in  darkness. 

Using  Winkler's  method,  tests  were  made  upon  five  of  the  common 
reef  corals  of  Tortugas  to  determine  their  relative  rates  of  consump- 
tion of  oxygen.  In  these  experiments  the  corals  were  kept  in  the  dark 
to  prevent  photosynthesis  in  their  commensal  plant-cells,  for  in  sun- 
light the  surrounding  water  soon  becomes  supersatm^ted  with  oxjrgen 
from  this  cause.  Care  was  also  taken  to  use  very  small  specimens  of 
the  various  species  of  corals  and  to  place  them  in  large  ^ass  jars  ha*- 
metically  sealed,  each  containing  about  2  liters  of  sea-water.  The 
corals  were  kept  for  5  hours  in  these  jars  in  darkness  in  a  water  thermo- 
stat at  28.5^  C.  and  daily  experiments  were  made  upon  each  of  them  for 
11  successive  days.  The  polyp-bearing  area  of  each  coral  was  then 
determined  by  a  planimeter  and  the  relative  weight  of  living  substance 
per  square  centimeter  was  obtained  by  killing  specimens  of  these  corals 
in  formalin,  hardening  in  alcohol,  and  then  dissolving  away  the  cal- 
careous substance  in  nitric  acid  and  weighing  the  tissue  in  sea-water. 
Prepared  in  this  manner  a  square  centimeter  of  the  animal  substance  of 
Acropora  muricata  weighs  0.032 gram;  while  OrhiceUa  annularis  wei^is 
0.17,  Favia  fragum  0.059,  McBandra  areolata  0.109,  and  Siderastrea 
radians  0.125  gram  per  square  centimeter. 

The  experiments  showed  that  Siderastrea  radians  at  28.5®  C.  con- 
sumes 0.0032  c.c.  of  oxygen  per  square  centimeter  of  its  polyp-bear- 
ing surface  per  hour,  and  as  each  square 
centimeter  of  the  fleshy  substance  of  S.  radi- 
ans weighs  0.125  gram,  each  gram  of  animal 
matter  of  the  coral  consumes  0.0256  c.c.  of 
oxygen  per  hour,  the  oxygen  being  meas- 
ured at  760  mm.  pressure  and  0*^  C.  Thus 
taking  the  behavior  of  S.  radians  as  a  stand- 
ard and  calling  its  oxygen  consumption  per 
gram  of  its  living  substance  1,  the  relative 
rates  of  oxygen  consumption  per  hour  in 

the  other  corals  at  28.5°  C.  per  gram  of  living  substance  of  the  coral 
are  as  shown  in  the  table  herewith. 


Name  of  ooral. 


Relative 
oxygfitk 

(yifimnnp- 

tion. 


Sideiaetrea  radu^Ds. 


Maandra  areolata. . 

Favia  fragum 

OrUoeUa  annularis . 
Aoropora  muricata . 


1.0 
3.8 
6.6 
6.1 
18.7 
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If  the  rate  of  consumption  of  oxygen  be  taken  as  a  measure  of  the 
metabolism  of  the  corals,  it  appears  that  the  metabolic  activity  bears 
an  inverse  ratio  to  the  coral's  ability  to  withstand  the  effects  of  carbonic 
acid  and  their  ability  to  resist  high  temperature  follows  nearly  the 
same  law.  It  seems  possible,  therefore,  that  under  the  influence  of 
high  temperature  carbonic  acid  may  accumulate  in  the  tissues  faster 
than  it  can  be  eliminated,  and  acids  being  toxic  would  soon  cause 
death. 

In  the  case  of  the  scyphomedusa  Cassiopea,  I  find  that  for  temper- 
atures below  37*^  there  is  no  time  factor — ^that  is  to  say,  if  the  pulsating 
subimibrella  ring  deprived  of  sense-organs  and  having  an  entrapped 
neurogenic  contraction  wave  be  taken  from  sea-water  of  about  29® 
and  placed  in  water  of  36®  C,  it  at  once  assumes  a  rate  characteristic 
of  this  higher  temperature,  and  this  rate  is  the  same  as  if  the  tempera- 
ture had  been  slowly  raised  so  that  two  or  more  hours  elapsed  before 
the  temperature  rose  from  29®  to  36®  C.  Moreover,  the  reaction  is 
completely  reversible,  the  rate  returning  at  once  to  the  original  when 
the  ring  is  replaced  in  sea-water  at  29®.  At  about  37®  or  38®,  however, 
the  rate  of  the  nerve  impulse  begins  to  decline  sharply,  and  I  find  that 
this  is  subject  to  a  tune  factor,  the  decline  becoming  more  and  more 
pronounced  as  the  heat,  even  though  constant  in  temperature,  is 
continued.  Moreover,  when  the  superheated  ring  is  replaced  in  sea- 
water  at  29®  C,  the  pulsation  is  slower  than  it  was  before  being  sub- 
jected to  the  excessive  heat.  A  time  factor  for  the  effect  of  extreme 
heat  has  been  known  since  the  time  of  Sachs  (1865)  and  has  been 
studied  by  Blackman  (1905)  and  others.  After  about  an  hour,  more  or 
less  complete  recovery  of  rate  may  take  place,  especially  if  the  heat 
had  not  been  too  great  or  exposure  to  its  influences  too  long.  In 
other  words,  at  injuriously  high  temperatxures  CO2  may  accumulate 
more  rapidly  than  the  tissues  can  eliminate  it  and  the  time-factor, 
according  to  my  hypothesis,  is  due  to  this  fact. 

Thus  in  a  typical  case,  a  nerve-wave  in  Caasiopea  having  a  rate  of 
100  at  29.3®  had  the  following  rates  when  heated  to  37.8®  C:  100  at 
29.3®,  125  at  36.6®,  126  at  36.7®,  127  at  37.3®,  120  at  37.8®.  Thus  the 
nerve-conduction  became  more  and  more  rapid  up  to  37.3®  C,  above 
which  it  declined  sharply,  becoming  120  after  being  for  about  20 
minutes  at  37.8®  C.  TTie  animal  was  then  taken  from  37.8®  C.  and 
replaced  in  sea-water  at  29.3®  C,  and  its  rate  declined  at  once  to  80, 
thus  being  20  per  cent  less  rapid  than  it  was  at  the  beginning  of  the 
experiment;  but  after  remaining  in  sea-water  at  29.3®  C.  for  nearly  2 
hours  the  original  rate  was  completely  restored. 

It  will  be  recalled  that  Blackman  (1905)  and  Harvey  (1911)  ad- 
vanced the  theory  that  some  enzyme  might  be  destroyed  by  the  exces- 
sive heat,  and,  being  essential  to  nerve-conduction,  its  loss  caused  the 
rate  to  decline.     It  is  also  possible,  however,  that  some  toxic-acid 
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subetance  in  formed  under  the  influence  of  excessive  heat,  its  rate  of 
formation  being  commensurate  with  the  metabolism  of  the  tissues. 
It  is  easy  to  see  how  an  acid  of  this  sort  might  be  eliminated  and  the 
rate  gradually  restored  when  the  animal  is  replaced  in  normal  sea- 
water,  whereas  if  an  enzyme  were  destroyed  it  might  not  so  readily 
be  replaced. 

In  any  event,  one  or  the  other  of  the  above-mentioned  hypotheses 
seems  more  in  accord  with  the  facts  than  does  Winterstein's  asphyxia- 
tion theory,  or  the  theory  that  death  from  heat  is  due  to  coagulation 
of  proteid  substances.  Death  occurs  at  too  low  a  temperature  for 
coagulation  in  most  if  not  all  proteids;  and  when  killed  the  animals 
are  fully  relaxed,  as  shown  by  Harvey.  Also,  coagulated  proteins  could 
not  readily  be  eliminated  when  the  animal  was  restored  to  water  at 
normal  temperature,  coagulation  being  a  practically  non-reveisible 
process. 

SUMMARY. 

It  seems  possible  that  death  from  high  temperature  may  be  due  to 
the  accumulation  of  acid  (possibly  H2CO3)  in  the  tissues,  the  rate  of 
formation  of  this  acid  being  related  to  the  rate  of  metabolism  of  the 
tissues.  Thus  animals  of  the  same  class  having  a  high  rate  of  metabo- 
lism, as  measured  by  oxygen  consumption,  are  more  sensitive  to  heat 
and  to  CO2  than  are  those  having  a  low  rate  of  metabolism. 
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CENTRATED  SEA-WATER. 


By  Alfred  Goldbbobough  Mater. 


Ring-shaped  strips  of  subumbrella  tissue  of  the  scyphomedusa 
Cassiopea  xamachana  were  deprived  of  marginal  sense-organs  and 
placed  in  concentrated  sea-water  in  order  to  determine  the  effect  of 
concentration  of  electrolytes  upon  their  rate  of  nerve-conduction. 

These  results,  combined  with  those  previously  obtained^  with 
diluted  sea-water,  are  as  follows : 

Table  I. 

(Illustrated  by  figure  1.) 


X 

y 

• 

SiOimty 

0/00  Hat 
ingraiDA 
in  1,000 
grami  of 
tea-water. 

Relative 

saHnity, 

that  of 

normal 

sea-water 

being  100. 

Relative 

eleotrioal 

oondncttvity 

Qsrdxogen^on 
ooncentration 

Relative 
rate  of 
nerve- 

Prob- 
able 

at  80»  C. 
that  of 
normal 

sea-water 

crfthe 

solution  in 

terms  of  Ph. 

oonduction, 

that  in 

normal 

sea-water 

error 

of 
rate. 

Remarks. 

being  100. 

being  100. 

IS.  13 

0.5 

54.1 

8.1 

54.16 

0.79 

" 

21.74 

0.6 

64.3 

8.2 

65.72 

1.01 

Nonnal  searwater  of 

25.37 

0.7 

71  5 

8.2 

73.91 

1.16 

,  a28PHdihitedwith 

20.00 

0.8 

81.4 

8.2 

79.51 

1.18 

dlttiUed    water    6t 

32.61 

0.9 

92.2 

8.2 

91.44 

1.00 

7.9  P«. 

34.43 

0.95 

96.4 

8.2 

96.23 

0.67 

36.24 

1.00 

100 

8.22 

100. 

■  •  •  ■ 

'Normal  sea-water. 

39.58 

1.092 

107.8 

8.23 

101.3 

0.52 

Sea-water  evaporated 

41.59 

1.148 

113.6 

8.2 

107.5 

0.71 

in  sunlight,  and  its 

49.18 

1.367 

128.7 

8.13 

104.3 

0.95 

60.96 

1.682 

153.9 

8.1 

76.9 

0.63 

to  &1    to   8.2   Ph 

with  HCL 

The  sea-water  was  concentrated  by  evaporation  in  sunlight,  and 
its  alkalinity  reduced  to  that  of  normal  sea-water  by  adding  a  slight 
amount  of  hydrochloric  acid^  the  hydrogen-ion  concentration  being 
determined  colorimetrically  by  comparison  with  a  graded  set  of  thymol- 
sulphonephthalein  tubes  prepared  and  standardized  by  Professor  J.  F. 
McClendon.  These  readings  were  also  checked  by  comparison  with 
those  of  a  Leeds  and  Northrup  potentiometer. 

The  hydn^en-ion  concentration  of  the  sea-water  at  Tortugas  is 
usually  between  8.1  and  8.23  Ph,  and  many  experiments  made  in  1917 
showed  that  the  rate  of  nerve-conduction  remains  practically  constant 

^Mayer,  A.  Q.,  1917,  Papers  from  Department  of  Marine  Btoloxy,  Carnegie  Inst.  Wash.,  vol. 
11.  )}p.  1-20. 
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and  normal  in  sea-waters  ranging  from  7  to  8.65  P.;  the  relatively  acid 
water  is  made  from  normal  sea-water  treated  with  HCl  and  the  alkaline 
water  from  normal  8ea-¥^ter  treated  with  HNaCOj,  and  NajCOj. 


50  60  70  60  to  100  tlO  120  130  140  ISO 

CONDUCTIVITY    JC 

Figure  1. 

If,  however,  the  water  is  made  as  acid  as  6.7  Pg,  the  rate  falls  slightly 
so  as  to  be  about  98,  that  in  normal  sea-water  being  100;  and  at  6.3  P„ 
the  rate  declines  to  80  with  greatly  reduced  muscular  activity;  but  it 
recovers  in  all  respects  almost  immediately  upon  being  replaced  in 
normal  sea-water. 

At  30"^  C.  the  neutral  point  is  about  6.8  P^  and  it  then  appears  that 
in  sea-water  any  excess  of  H*  over  OH'  is  decidedly  depressant,  while 
correspondingly  alkaline  sea-water  produces  no  ill  effects. 

Assuming  the  electrical  conductivity  of  normal  sea-water  of  36.24 
0/00  salinity  and  8.22  Ph  to  be  100,  it  appears  from  table  I  and  figure  1 
that  the  rate  of  nerve-conduction  augments  in  practically  a  straight  line 
as  the  relative  electrical  conductivity  of  the  sea-water  increases  from  51 
to  about  108,  above  which  the  rate  falls  off  rapidly,  becoming  about  77 
in  concentrated  sea-water  having  an  electrical  conductivity  of  152.9. 

The  formula  is  y  =  0.945a: +4.4 ;  y  is  the  rate  of  nerve-conduction,  that 
in  natural  sea-water  being  100;  x  is  the  electrical  conductivity  of  the 
sea-water,  that  of  normal  sea-water  being  100. 

The  electrical  conductivity  of  the  sea-water  was  determined  by 
Kohlrausch's  method,  using  a  tunable  telephone  and  a  Leeds  and 
Northrup  revolving  drum  bridge.  The  figures  given  in  table  I  are  for 
sea- water  at  30**  C. 

It  was  found  that  the  electrical  conductivity  of  sea-water  of  36.24 
0/00  saUnity  and  8.22  P„,  at  30°  C.  was  4.21  tunes  that  of  N/10  KCI 
at  the  same  temperature.     If,  however,  the  sea-water  be  compared 
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with  this  potassium-chloride  solution,  both  at  25®  C,  the  ratio  of 
their  electrical  conductivities  became  as  1  to  4.179. 

The  salinity  of  the  sea-water  was  determined  by  titration  with  silver 
nitrate,  using  potassium  chromate  as  an  indicator  and  titrating  against 
a  sample  of  standard  sea-water  from  Professor  Kniidsen's  laboratory. 

The  fact  that  the  rate  of  nerve-conduction  increases  in  a  straight- 
line  ratio  in  comparison  with  the  increase  of  electrical  conductivity 
suggests  a  causal  relation  between  the  two,  as  was  pointed  out  by  Ralph 
S.  lillie,  1916,^  but  the  same  ratio  exists  between  the  concentration  of 
the  dissociated  cations  Na%  Ca'%  Mg*%  and  K*,  surrounding  the  nerves 
and  the  rate  of  nerve-conduction ;  and  thus  the  rate  may  be  dependent 
upon  the  concentration  of  these  electrolytes  rather  than  upon  their 
electrical  conductivity  as  such.  Thus,  in  experiments  made  in  1917 
upon  Casaiopea,  we  find  that  if  the  electrical  conductivity  of  0.601  m. 
NaCl  be  taken  as  1.00,  that  of  an  isotonic  solution  composed  of  81.1 
c.c.  of  0.601  m.  NaCl  +  14.36  of  0.39  m.  MgClz  is  0.932;  yet  if  the  rate 
in  the  pure  sodium  chloride  be  100,  that  in  the  NaCl+MgCU  is  115. 
Thus  the  rate  has  increased  while  the  electrical  conductivity  has  dimin- 
ished. This  experiment  is  a  striking  illustration  of  Loeb's  law  that  a 
bivalent  cation  tends  to  offset  the  injurious  effects  of  a  univalent  cation 
and  even  magnesium,  a  well-known  depressant,  acts  as  a  stimulant 
for  rate  of  nerve-conduction  in  association  with  sodium. 

Comparing  the  effects  of  these  solutions  with  that  of  normal  sea- 
water,  all  being  practically  isotonic  one  with  the  other,  we  find : 

Rate  of  nerve-conduction  is  100  in  natural  sea-water  of  36.24 

0/00  salinity,  8.22  Pg,  and  1 .00  relative  electrical  conductivity. 

Rate  of  nerve-conduction  is  79.6  in  0.601  m.  NaCl  of  8.2  Pe, 

and  0.996  relative  electrical  conductivity. 
Rate  of  nerve-conduction  is  92.2  in  81.1  c.c.  of  0.601  m.  NaCl+ 
14.36  of  0.39  m.  MgCU  of  8.2  P„,  and  0.94  relative  electrical 
conductivity. 

It  may  be  of  interest  to  see  that  diluted  sea-water  is  less  depressant 
for  nerve-conduction  than  abnormally  concentrated  sea-water. 

The  injurious  effects  of  concentrated  sea-water  upon  regeneration 
and  growth  have  been  studied  by  Loeb*  and  by  Goldfarb,'  and  there  is 
a  general  resemblance  between  their  curves  and  ours  for  the  rate  of 
nerve-conduction,  excepting  that  for  regeneration  somewhat  dilute 
sea-water  seems  to  be  more  favorable  than  normal  sea-water,  whereas 
in  nerve-conduction  the  highest  rate  is  obtained  in  slightly  concen- 
trated sea-water. 

^Lillie,  R.  S.,  1916,  American  Journal  Physiolosy,  vol.  41,  pp.  126-136. 
lioeb,  J.,  1891,  Organbildung  und  Waohsthum,  82  pp.,  WOnburg. 

H3oldfarb,  A.  J.,  1914,  Papers  from  the  Tortugas  Laboratory,  Carnegie  Inst.  Wash.  Pub. 
No.  183,  pp.  83-94. 
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A  STUDY  OF  RESPIRATION  IN  ALCYONARU. 


By  Lewis  R.  Gary. 


Although  the  respiration  of  many  species  of  invertebrates  has  been 
studied  in  considerable  detail,  the  only  references  to  that  of  Alcyonaria 
which  have  come  to  the  attention  of  the  writer  are  those  given  by 
Montuori  (1913),  who  studied  two  species,  Alcyomeum  j)allidum  and 
Gorgonia  cavoliniL  Two  records  only  are  given  for  each  species,  a 
smidl  and  a  larger  specimen  having  been  compared  in  each  case.  In 
these  experiments  the  total  weight  of  the  colony  was  taken  as  the  basis 
of  comparison  without  taking  into  account  the  proportion  of  inert 
skeletal  material — the  spicules  in  the  first  species  and  the  spicules  and 
chitinous  axis  in  the  latter. 

Benedict  (1915)  has  emphasized  particularly  the  importance  of  the 
proportion  of  active  protoplasmic  tissue  as  shown  even  in  the  com- 
parison of  individuals  of  different  sexes  of  the  same  species. 

The  observations  herein  recorded  were  made  as  part  of  a  study  of 
the  ecological  factors  determining  the  distribution  of  Alcyonaria  on 
the  coral  reefs  of  southern  Florida.  The  data  from  which  the  amount 
of  Uving  tissue  in  the  several  species  could  be  calculated  were  obtained 
three  years  ago  in  connection  with  a  study  of  the  importance  of  the 
alcyonaria  as  coral-forming  organisms  (Gary,  1916).  A  series  of  exper- 
iments were  also  carried  out  on  the  same  species  to  determine  their 
powers  of  resistance  to  increased  temperature  in  order  to  discover 
whether  or  not  there  is  any  direct  relationship  between  the  rate  of 
respiration  and  the  temperature  at  which  any  species  is  killed ;  in  other 
words,  to  determine  whether  the  death  of  marine  animals  when  sub- 
jected to  high  temperatures  is  in  reality  the  result  of  asphyxiation, 
as  Winterstein  (1905)  has  maintained. 

EXPERIMENTAL 

The  respiration  chambers  consisted  of  museum  jars,  with  clamped 
tops  fitting  on  rubber  gaskets.  The  capacity  of  the  several  jars  varied 
from  960  c.c,  to  1,250  c.c.  as  was  determined  by  weighing  each  one 
empty  and  again  when  filled  with  distilled  water  at  a  known  temper- 
ature. In  all  experiments  with  Alcyonaria  the  displacement  of  the 
specimen  was  determined  and  subtracted  from  the  capacity  of  the 
jar.  Frequently,  when  it  was  desired  to  make  several  determinations  at 
intervals  on  the  same  specimen  a  fragment  of  coral  rock  was  allowed 
to  remain  attached  to  the  specimen  in  order  to  keep  it  upright  during 
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the  period  between  exprnments,  as  these  organisms  quickly  become 
abnormal  if  allowed  to  lie  prone  on  their  side  on  the  bottom  (Gary, 
1914,  p.  86).  The  specimens  were  kept  in  a  live-car  in  the  intervals 
between  the  experiments,  so  that  their  condition  was  normal,  as  was 
shown  by  the  fact  that  the  colonies  would  remain  in  good  condition  in 
this  live-car  for  at  least  two  months. 

The  sea-water  for  each  series  of  expaiments  was  brought  fresh  from 
the  ocean  in  large  aquarium  jars  and  the  respiration  chambers  were 
filled  by  submerging  them  in  the  large  jars.  The  temperature  was 
controlled  by  placing  the  respiration  chambers  in  an  aquarium  contain- 
ing about  75  liters  of  sea-water.  This  aquarium  was  covered  with  a 
black  box  to  exclude  the  light,  as  some  of  the  species  studied  con- 
tained within  their  tissues  enough  symbiotic  algse  (Zooxanthellse)  to 
materially  influence  the  results  when  the  experiments  were  carried 
on  in  the  diffuse  light  of  the  laboratory.  This  thermostat  was  con- 
nected with  the  running-water  supply  of  the  laboratory  and  during  a 
2-hour  experiment  (the  usual  duration)  the  temperature  would  not  vary 
more  than  0.2^  C.  On  unusually  hot  days,  when  the  temperature  of 
the  ocean-water  over  the  shallow  reef  flats  was  subject  to  marked  fluc- 
tuations, it  was  found  that  a  much  more  even  as  well  as  lower  temp^- 
ature  was  obtained  by  cutting  off  the  water-supply  to  the  tank,  as  the 
early  morning  temperature  of  the  water  would  then  be  maintained 
within  half  a  degree  throughout  the  day,  while  the  variation  during  the 
time  of  a  single  experiment  would  not  be  measurable  with  a  thermom- 
eter reading  to  0.2"^  C. 

The  oxygen  in  the  water  was  determined  by  the  Winkler  method, 
using  the  precautions  as  regards  the  purity  of  reagents  described  by 
McClendon  (19176).  Before  taking  the  sample  for  analysis  at  the 
end  of  an  experiment  the  respiration  chamber  was  inverted  several 
times  to  insure  complete  mixing  of  its  contents.  An  extended  series  of 
comparisons  showed  that  there  was  no  detectable  difference  in  the 
results  obtained  by  drawing  the  water  sample — ^250  c.c.  through  a 
glass  siphon  into  the  empty  bottle  or  when  siphoning  into  a  bottle 
by  the  displacement  of  mercury  (McClendon,  L  c).  The  forma-, 
less  complicated  and  much  more  rapid,  method  was  therefore  followed. 
The  hydrogen-ion  concentration  (PJ  of  each  fresh  supply  of  water  was 
determined  by  a  colorimetric  method  and  the  amount  of  CO2  which  it 
contained  calculated  from  the  Pb  and  reserve  alkali  by  a  conversion 
table  (McClendon,  1917a).  In  all  the  experiments  it  was  found  that 
so  great  a  quantity  of  acid  other  than  COs  was  being  given  off  that  the 
values  obtained  for  a  respiratory  quotient  were  far  higher  than  would  be 
obtained  from  the  combustion  of  pure  carbohydrates.  Since  the  respir- 
atory quotients  were  in  every  instance  greater  than  unity,  i/diatever 
the  duration  of  the  experiment,  they  have  not  been  included  in  the  table. 
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The  results  of  all  the  experiments  are  summarized  in  table  1,  in  which 
the  figures  in  colunms  2  and  3  are  the  averages  obtained  from  5  deter- 
minations on  specimens  of  various  sizes  of  each  species.  Briareum 
(ubestum  has  a  central  axis  composed  entirely  of  spicules,  which  in 
macerated  specimens  could  not  be  certainly  separated  from  those 
formerly  contained  in  the  ccenenchyma,  so  that  both  the  skeletal  masses 
are  listed  under  the  heading  spicules. 

Table  I. 


Species  of 
Alcsronaria. 

Percentage 
of  spicules. 

Percentage 
of  ohitinous 

skeleton. 

Percentage 

of  living 

tissues. 

Ot  consumed 
per  kilogram 

of  hving 
tissue 

per  hour. 

Value  of 

S/W. 

Death 
tempera- 
ture. 

•c. 

Briareum  asbestum .. 

26.66 

0.0 

73.34 

13.99125 

3.25 

38.2 

Euneoia  oraasa 

22.66 

7.90 

60.44 

16.785 

7.75 

34.5 

Euneota  rousseaui. . . 

35.60 

11.28 

53.12 

20.75846 

2.18 

35.0 

Plexaura  fiexuoaa. . . 

30.66 

5.10 

64.24 

16.6606 

6.31 

35.0 

Flezaora  homomalla. 

27.41 

6.72 

65.87 

35.5878 

5.82 

35.0 

Pfteudoplexaura  crassa 

21.84 

10.18 

68.34 

44.0062 

5.90 

34.5 

FlexAiirena  dinhotoma 

35.86 

7.57 

56.57 

18.585 

2.72 

35.0 

PlexaureUa  sp? 

24.05 

4.45 

70.63 

35.7084 

4.73 

35.0 

Gorgonia  flabellum. . 

22.33 

11.75 

65.92 

74.5900 

9.40 

37.0 

Gkvgonia  aoerosa . . . 

19.75 

7.08 

73.17 

54.9584 

10.34 

37.0 

Qorgonia  oitrina. . . . 

35.05 

5.52 

59.43 

61.824 

9.58 

37.5 

Xiphigorgia  anceps . 

25.83 

8.33 

65.84 

68.40 

12.60 

37.5 

Five  observations  were  made  in  each  case. 


DISCUSSION. 


The  vaUdity  of  Rubner's  (1885)  hypothesis  that  heat-production 
(oxidation)  is  in  direct  proportion  to  the  surface  area  of  an  organism 
has  been  denied  by  Montuori  (1913)  for  all  aquatic  animals  on  the 
of  his  experiments  recorded  in  that  paper.  On  the  other  hand, 
(1888),  Zuntz  (1901),  et  al.,  have  maintained  that  their  results 
on  fishes  support  Rubner. 

In  Alcyonaria  the  surface  in  contact  with  the  water  varies  greatly 
in  different  states  of  contraction  or  expansion  of  the  colony.  In  the  12 
species  recorded  in  table  1  the  surface  area  when  expanded — all  of 
them  being  able  to  completely  retract  their  polyps — varied  from  1.25 
to  3.25  times  that  when  the  colony  was  in  complete  retraction.  Since 
each  species  when  undisturbed  would  arrive  at  complete  expansion 
within  a  few  moments  after  being  put  into  the  dark  chamber,  while 
on  the  other  hand  a  slight  agitation  of  the  respiration  chamber  suf- 
ficed to  cause  them  to  remain  contracted,  the  comparison  of  the  con- 
sumption of  oxygen  under  each  of  these  conditions  was  a  simple 
matter.  While  there  were  slight  variations  in  the  actual  consumption 
of  oxygen  of  any  specimen  in  such  a  pair  of  experiments,  the  higher 
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metabolism  occuired  as  frequently  when  the  q)edmen  had  all  its  jx^yps 
completely  withdrawn  as  when  they  were  in  full  expansion. 

Although  the  area  of  tissue  exposed  to  the  water  had  no  constant 
effect  on  the  rate  of  respiration,  th&re  was  a  striking  rdationsfaip 
between  the  proportion  of  surface  to  wei|^t  of  the  several  species  and 
the  rapidity  of  their  respiration.  As  shown  in  c<^iunn  6  of  table  1, 
those  species  which  have  the  greatest  surface  for  a  unit  of  wei^t 

have  by  far  the  highest  metabolism.    The  areas  used  in  these 


/cm^Y 
\gm»./ 


calculations  were  determined  accurately  for  each  specimen  by  measur- 
ing the  length  and  the  diameter  of  each  branch  of  a  col<my  and  treat- 
ing them  as  cylinders  or  cones  according  to  their  shape.  Under  the 
conditions  necessarily  in4>osed  while  making  the  measur^nents,  the 
colonies  were  always  in  a  state  of  complete  contraction,  so  that,  when 
the  specimens  were  in  full  expansion,  the  values  of  S/W  would  be  from 
1 .25  to  3.25  times  greater  than  those  recorded  in  the  table. 

RELATION  BETWEEN  DEATH  TEMPERATURE  AND  RATE  OF  METABOLISM. 

Column  7  of  the  table  gives  the  temperatures  found  to  be  fatal  to 
the  different  species  on  an  exposure  of  1  hour.  When  compared  upon 
this  basis  the  species  studied  fall  into  several  groups;  2  of  them  succiunb 
at  34.5®  C. ;  another  larger  group  finds  the  fatal  temperature  at  35**  C, 
2  others  at  37®  C,  2  at  37.5®  C,  while  1  species  only  could  withstand 
temperatures  up  to  38.2®  C.  Although  the  last-mentioned  species  has 
the  lowest  respiration  rate  as  well  as  the  greatest  power  to  withstand 
high  temperature,  there  is  no  constant  relationship  between  the  death- 
temperature  and  the  respiration-rate  when  all  the  species  are  com- 
pared. All  of  the  species  of  the  genus  Gorgonia  and  the  closely  related 
Xiphigorgiaj  which  have  as  a  group  the  highest  rate  of  respiration,  are 
next  to  Briareum  the  most  resistant  to  increased  temperature.  The 
two  forms  which  are  killed  at  the  lowest  temperature  include  Euneda 
crassa^  with  next  to  the  lowest  rate  of  respiration,  and  PseudopUxaura 
crassaf  which  stands  eighth  in  the  order  of  magnitude  of  respiration. 
Taken  all  together  these  observations  offer  no  support  to  the  hypothesis 
of  Winterstein  (1905),  but  on  the  contrary  indicate  that  some  other 
factor  is  the  controlling  agency  in  the  ability  of  a  marine  organism 
to  withstand  high  temperatures. 

The  heat  experiments  were  performed  in  an  open  jar  containing  6 
liters  of  water  and  at  the  end  of  any  experiment  the  amount  of  oxygmi 
contained  in  the  water  was  more  than  suflBcient  to  allow  respiration  to 
go  on  in  a  normal  manner  if  no  other  factor  than  oxygen  tension  w&ce 
concerned.  The  acidity  of  the  water  at  the  close  of  the  heat  expm- 
ments  was  always  greater  than  in  respiration  experiments  carried  on 
at  27.5®  C.  This  may  be  only  an  expression  of  the  abnormality  of 
their  metabolism  at  high  temperatures,  or  have  a  causal  relation  to  the 
death  of  the  organism. 
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MIGRATION   OF  INSECTS  TO  BEBECCA  SHOAL  LIGHT 

STATION  AND  THE  TORTUGAS  ISLANDS,  WITH  SPECIAL 

REFERENCE  TO  MOSQUITOES  AND  FLIES. 


By  S.  C.  Bai-l. 


INTRODUCTION. 


For  the  purpose  of  detenniniiig  whether  mosquitoes  can,  either  by 
their  own  powers  of  flight  or  with  the  aid  of  favorable  winds,  migrate 
across  the  sea  for  considerable  distances,  the  writer  spent  the  period 
from  June  26  to  July  18,  1917,  upon  the  Rebecca  Shoal  light-station. 
The  work  was  undertaken  under  the  auspices  of  the  Carnegie  Institu- 
tion of  Washington,  Hon.  G.  R.  Putnam,  Commissioner  of  Lighthouses, 
having  kindly  granted  permission  to  study  at  Rebecca  Shoal  light- 
house. Moreover  Dr.  L.  O.  Howard  has  kindly  made  timely  sugges- 
tions respecting  classification,  but  he  is  in  no  sense  responsible  for 
statements  expressed  herein.  Except  Stegomyia,  the  names  of  mos- 
quitoes used  are  from  Howard,  Dyar  and  Enab,  1917. 

The  circumstances  which  suggested  the  desirability  of  such  investi- 
gations were  the  repeated  experiences  of  Dr.  Mayer  and  other  scientists 
at  Tortugas,  Florida,  in  connection  with  the  occurrence  there  of  mos- 
quitoes. It  appeared  that  these  insects  were  abundant  on  Loggerhead 
Key  only  after  northerly  winds  of  several  hours'  diu^tion — ^in  other 
words,  under  conditions  favorable  to  their  migration  from  the  mainland 
of  Florida.  Owing  to  the  care  which  would  be  necessary  in  order  to 
prevent  absolutely  the  breeding  of  mosquitoes  on  the  several  keys  of 
the  Tortugas  Group,  particularly  at  Fort  Jefiferson  on  Garden  Key,  it 
was  thought  advisable  to  make  observations  at  the  nearest  point  to 
Tortugas  where  this  diflSculty  could  be  overcome. 

Rebecca  Shoal  light-station  was  chosen  (1)  because  of  its  isolation 
from  the  mainland  and  other  keys,  and  (2)  because  of  its  freedom 
from  all  except  easily  controllable  breeding-places  for  mosquitoes. 
The  lighthouse  stands  in  12  feet  of  water  upon  Rebecca  Shoal,  a  small 
and  entirely  submerged  part  of  the  Florida  Reef,  12  miles  east  of  the 
Dry  Tortugas  and  48  miles  west  of  Key  West.  The  nearest  point  upon 
the  mainland  of  Florida  is  Cape  Sable,  105  miles  northeast.  Havana 
lies  95  miles  to  the  south  on  the  Cuban  coast,  while  Cape  San  Antonio, 
at  the  western  end  of  Cuba,  bears  southwest  from  Rebecca  Shoal  at  a 
distance  of  230  miles.    Cardenas  Bay  lies  135  miles  to  the  southeast. 

Between  Rebecca  Shoal  and  Key  West  several  keys  of  the  Florida 
Reef  intervene.    Most  important  in  relation  to  insect  migration  is  the 
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MarqueBas  group.  These  keys  are  at  the  same  time  the  largest  and 
the  nearest  to  Rebecca  Shod — ^24  miles  east — and  are  larg^y  covered 
with  mangrove  swamps  which  furnish  breeding-places  for  myriads  of 
mosquitoes.  Their  relation  to  the  occurrence  of  these  insects  at  tiie 
light-station  will  be  considered  later.  In  succession,  passing  eastward, 
lie  Boca  Grande,  6  miles  distant  from  Marquesas;  Man  Key,  Woman 
Key,  Crawfish  Key;  then  Mullet,  Barracouta,  Cottrell,  and  Snipe  Keys 
at  the  entrance  of  Key  West  Harbor.  It  thus  appears  that  any  insect 
which  reaches  Rebecca  light-station  by  flight  alone  must  cover  either 
12  miles  from  Tortugas  on  the  west  or  24  miles  from  Marquesas  on  the 
east,  or  at  least  105  miles  from  the  mainland  on  the  east  and  north,  or 
90  miles  or  more  from  Cuba. 

The  station  consists  of  a  wooden  dwelling  25  feet  square  and  26  feet 
high,  supported  34  feet  above  mean  water-level  upon  an  iron  frame 
imderstructure.  A  10-foot  platform  surroimds  the  base  of  the  dwelling 
on  all  sides.  The  first  story  contains  a  single  room  6  feet  in  height, 
which  is  occupied  by  four  large  wooden  tanks  for  the  storing  of  rain- 
water, and  by  a  paint-closet  and  work-bench.  The  keeper's  room,  a 
kitchen,  and  pantry  open  into  a  small  hall  on  the  second  floor.  From 
here  a  stairway  leads  to  the  third  floor,  which  is  divided  into  a  lamp  and 
oil  room,  two  assistants'  rooms,  and  a  hall.  A  ladder  gives  access  to 
the  lantern,  light,  and  its  mechanism  at  the  top  of  the  station.  The 
lantern  is  surroimded  by  a  narrow  balcony.  The  diagonals  of  the 
station  run  north  and  south  and  east  and  west.  At  a  level  8  feet  above 
the  water  are  two  small  boat-landing3,  one  each  on  the  southeast  and 
northwest  sides. 

MEANS  BY  WHICH  INSECTS  MAY  REACH  THE  STATION. 

There  are  four  conceivable  ways  in  which  insects  may  reach  Rebecca 
Shoal  light-station.  First  by  boat,  for  many  are  brought  in  provisions 
and  other  stores.  Several  species  of  larder  pests,  including  two  weevils 
and  a  flour  beetle,  two  species  of  moths,  one  in  flour  and  another  in 
raisins,  and  an  occasional  fruit-fly,  were  observed  on  the  station.  The 
light-house  power-boats  usually  bring  on  each  trip  a  few  house-flies  and 
occasionally  a  blow-fly.    In  one  instance  a  Tabanus  was  introduced. 

It  is  extremely  improbable  that  insects  are  attracted  to  the  station 
from  vessels  which  must  pass  through  Rebecca  Channel  at  a  distance 
of  at  least  0.5  mile.  Indeed  none  of  the  half  dosen  house-flies  left  the 
yacht  Anton  Dohm  on  her  voyage  from  Tortugas  to  Key  West  on  July 
30,  although  she  passed  within  100  yards  of  the  Rebecca  station.  It 
is  inconceivable  that  flies  or  mosquitoes  voluntarily  leave  the  solid 
support  of  a  vessel  where  food  is  close  at  hand  and  its  odors  strong  in 
order  to  land  on  a  small  light-station  at  a  considerable  distance.  Any- 
one who  has  been  on  board  ship  at  sea  has  probably  obea'ved  how 
closely  flies,  beetles,  dragon-flies,  and  moths  keep  to  the  vesseL 
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A  second  way  by  which  insects  may  reach  Rebecca  Shoal  light- 
station  is  through  tlie  agency  of  birds.  Several  species,  including  the 
man-o'-war  bird,  Fregata  aquila;  noddy,  Anow  stolidua;  sooty  tern, 
Sterna  fuecaia;  and  the  royal  tern.  Sterna  maxima^  occasionally  light 
upon  the  structure.  It  must  be  said,  however,  that  no  avian  parasites 
were  found  at  the  station. 

More  important  is  a  third  method,  the  voluntary  migration  of 
insects  from  the  mainland  or  from  islands.  It  is  conceivable  that 
dming  calm  weather  such  strong  fliers  as  the  Odonata,  with  certain  Lepi- 
doptera  and  Diptera,  should  volimtarily  leave  the  Marquesas  or  Tor- 
tugas  Keys  and  fly  in  a  direction  which  would  bring  them  within  sight 
or  smell  of  Rebecca  Station. 

Finally,  there  is  the  wind  as  an  agent  for  the  distribution  of  insects. 
It  is  well  known  that  strong  winds  blow  many  Lepidoptera,  Hymenop- 
tera,  Hemiptera,  and  Diptera  out  over  large  bodies  of  water,  such  as  the 
Great  Lakes  and  seas.  That  large  numbers  of  these  fall  into  the  water 
and  drown  is  evidenced  by  the  masses  of  them  washed  upon  the  shores 
by  the  waves ;  but  it  is  not  known  what  proportion  of  the  insects  sur- 
vive to  reach  other  shores. 

A  prioriy  one  would  expect  that  the  strong-flying  species,  such  as 
the  bees  and  wasps  among  the  Hymenoptera,  Sphingidffi  of  the  Lepi- 
doptera, and  Tabanidffi  among  the  Diptera,  if  driven  by  a  high  wind 
beyond  sensing  distance  of  land,  would  be  more  capable  of  sustaining 
themselves  in  the  air  and  so  of  being  carried  to  safety  than  the  heavy- 
bodied,  weak-flying  insects  like  the  Orthoptera  and  the  flitting  Lepi- 
doptera. The  habits  of  the  latter  accustom  them  to  short  flights  and 
considerable  periods  of  rest.  Of  mosquitoes,  it  must  be  remembered 
that,  althou^  they  are  comparatively  small  and  not  as  a  rule  called 
on  to  fly  long  distances  in  search  of  food,  still  they  are  light  in  weight, 
have  a  relatively  large  wing  surface,  and  are  capable  of  sustaining 
themselves  in  the  air  for  long  periods.  The  same  is  true  of  other  small 
Diptera,  particularly  the  gnats. 

Several  long  migrations  of  mosquitos  have  been  recorded.  In  his 
book,  "Mosquitoes,"  Dr.  L.  O.  Howard  cites  two  remarkable  flights 
which  were  described  in  a  letter  to  him  from  J.  D.  Mitchell,  of  Victoria, 
Texas.  In  October  1879,  during  a  strong  east  wind  which  had  been 
blowing  for  about  3  days,  an  inmiense  swarm  of  mosquitoes  migrated 
in  a  line  3  miles  wide  and  50  feet  high  from  a  marsh  35  miles  to  the 
eastward;  5  days  were  required  for  the  passage.  In  1886  a  second 
swarm  traveled  50  miles  along  the  west  shore  of  Matagorda  Bay  in  such 
numbers  that  "they  clouded  the  sky,  bent  down  the  grass  with  their 
weight,  and  made  cJl  driftwood  and  groimd  the  same  color." 

Among  the  most  important  facts  established  by  Dr.  J.  B.  Smith 
and  his  assistants  during  their  investigations  of  the  mosquitoes  of  New 
Jersey  in  1902-1904  were  the  length  and  frequency  of  the  migrations 
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undertaken  by  the  three  speciesi  Aides  soUicitans,  A.  cantaloT^  and  A. 
UtnioThyfuhuB.  Breeding  only  in  the  salt  marshes  along  the  seashore, 
swarms  of  these  three  species  migrate  inland  for  distances  of  more  than 
30  miles;  although  capable  of  making  these  flights  in  calm  weather, 
favorable  sea  breeses  were  found  to  hasten  them. 

As  stated  above,  Dr.  Mayer  and  others  have  noted  in  previous 
years  that  mosquitoes  were  abundant  on  Loggeiiiead  Key  only  after 
the  wind  had  been  blowing  from  a  certain  quarter,  usually  the  north- 
east or  north,  for  a  considerable  period.  Furthermore,  a  change  of 
the  wind  into  the  east  or  west  was  alwajns  followed  by  a  marked  falling 
off  in  the  numbers  of  mosquitoes  encoimtered  about  the  laboratory. 
The  inference  was  that  the  northerly  wind  had  blown  large  swarms  of 
the  insects  away  from  the  west  coast  of  Florida  and  that  part  of  them 
had  reached  Tortugas.  If  this  inference  were  correct,  even  a  small 
building,  such  as  the  Rebecca  Shoal  light-station,  lying  out  in  the  ocean 
18  miles  east  of  Loggerhead,  should  form  a  sufficiently  large  support  to 
attract  a  few  mosquitoes  which  might  be  carried  into  its  immediate 
vicinity.  Even  during  a  wind  of  such  strength  that  the  insects  could 
not  retain  a  foothold  upon  the  windward  side  of  the  station,  they  would 
be  able  to  do  so  imder  its  lee. 

OPPORTUNITIES  FX)R  BREEDING  OF  MOSQUITOES  AT 

REBECCA  SHOAL. 

Obviously,  in  order  to  draw  correct  conclusions  concerning  the 
occurrence  of  mosquitoes  and  ffies  at  an  isolated  point,  it  is  essential 
that  breeding-places  there  be  imder  control.  It  was  foimd  that  the 
only  fresh  water  available  to  mosquitoes  at  the  Rebecca  Shoal  light- 
station  was  contained  in  three  sorts  of  receptacles;  first,  the  four  tanks 
on  the  lower  floor  for  the  storage  of  water  obtained  by  draining  through 
iron  spouts  the  rain-water  falling  on  the  slate  roof;  second,  the  small 
depressions  formed  in  the  angles  of  the  iron  frame  imderstructure ;  and 
third,  the  bilge-water  contained  in  the  two  boats  suspended  from  davits. 

Concerning  the  small  pockets  and  crevices  in  the  steel  frame  of  the 
structure,  it  is  only  necessary  to  state  that  all  water  which  lodged 
therein  was  entirely  evaporated  by  the  sun  in  less  time  than  would  be 
required  merely  for  the  hatching  of  mosquito  ^gs.  Since  rains  were 
infrequent  in  the  period  during  which  these  observations  were  made, 
the  possibility  of  a  replenishment  was  precluded.  It  is  conceivable 
that  in  a  period  of  daily  rainfall  eggs  deposited  by  mosquitoes  in  these 
depressions  might  develop  and  by  good  fortune  jdeld  a  few  adults.  Still 
the  rapid  overflow  during  the  characteristically  heavy  showers  would 
doubtless  washout  most,  if  not  all,  eggs  and  larvs  had  they  been  pres^it. 

The  storage  tanks  were  accessible  to  mosquitoes  since  their  covers 
did  not  fit  closely;  therefore  it  was  necessary  to  be  certain  that  no 
larvse  were  present.    Careful  examination  of  the  surface  of  the  water 
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and  of  the  contents  on  June  27  failed  to  reveal  a  single  trace  of  larvse, 
pupsB,  molted  skins,  or  adults  which  might  have  been  drowned  in  the 
act  of  depositing  eggs.  Indeed,  the  lighthouse  keepers,  Mr.  Lopez 
and  his  assistants,  all  of  whom  were  familiar  with  the  larvse,  agreed 
that  they  had  never  noted  in  water  drawn  from  the  tanks  a  single 
"wiggle-tail."  Had  larvse  been  present  they  would  probably  have  been 
detected,  for  the  water  is  all  drawn  from  the  bottom  of  the  reservoirs. 

Owing  to  the  ease  and  thoroughness  with  which  frequent  examina- 
tions of  these  tanks  could  be  made,  it  was  deemed  imnecessary  to  treat 
the  water  surfaces  with  kerosene.  Vigilance  and  daily  examinations 
throughout  the  period  of  observations  disclosed  no  sign  of  mosquitoes 
at  any  stage  of  their  life-history  in  the  reservoirs. 

The  third  possible  breeding-place  (the  boats),  is  also  an  extremely 
imfavorable  one.  In  the  case  of  the  power  launch  a  heavy  film  of 
lubricating  oil  is  always  present,  while  the  sea-water  in  the  bottom  of 
the  small  dory,  besides  being  too  saline  owing  to  evaporation,  is  also 
easily  examined.    No  mosquitoes  bred  there. 

From  the  above  statement  of  conditions  and  the  past  experience  of 
the  keepers  it  is  clear  that  mosquitoes  rarely,  if  ever,  breed  at  Rebecca 
Shoal  light-station.  Certainly  none  attempted  to  do  so  during  the 
period  covered  by  these  investigations. 

CONDITIONS  JUST  PRIOR  TO  JUNE  26. 

In  order  to  accoimt  properly  for  the  presence  of  certain  insects 
found  upon  Rebecca  shoal  light-station  on  June  26  it  is  desirable  to 
acquaint  the  reader  with  the  conditions  obtaining  there  in  the  period 
just  preceding.  From  the  lighthouse  journal  it  was  learned  that  on 
June  13  the  keepers  b^an  painting  the  station,  working  that  day  upon 
the  southeast  side.  At  that  time  the  wind  was  blowing  freshly  from 
the  northeast.  In  other  words,  the  air-current  passed  swiftly  across 
the  painted  surface  of  the  building ;  it  was  not  on  the  lee  side.  Follow- 
ing several  hours  of  calm  on  June  14  a  light  north  wind  sprang  up  and 
continued  until  June  15,  when  it  became  somewhat  westerly,  finally 
dying  out,  to  be  followed  by  36  hours  of  calm. 

It  is  of  interest  to  note  than  on  June  16  a  coat  of  white  paint  was 
applied  to  the  southwest  side  of  the  dwelling,  and  particularly  that  100 
or  more  small  gnats  were  later  found  stuck  in  this  paint.  Now,  it  will 
be  seen  that  this  southwest  face  of  the  building  was,  in  the  period 
following  the  application  of  the  paint,  in  the  lee  of  the  north  and  north- 
west winds;  therefore,  the  insects  seeking  a  resting-place  on  this  surface 
were  caught.  Since  they  are  not  species  that  would  have  been  brought 
in  stores,  it  seems  a  fair  conclusion  that  they  were  carried  by  the  nor- 
therly wind  from  the  coast  of  Florida.  The  possibility  is  not  excluded 
that  these  gnats  were  brought  to  the  station  on  the  northeast  breeze 
of  June  13  and  harbored  there  imtil  the  application  of  the  paint. 
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On  June  17,  following  the  36  hours  of  oalm,  a  lii^t  northeast  wind 
held  until  June  18,  when  it  became  north-nortJieast.  During  June  19 
its  direction  was  from  the  east.  After  a  day's  calm,  on  June  21, 
a  light  breese  blew  from  the  northeast,  while  that  side  of  the  dwdUng 
was  being  painted.  Here  a  single  insect  was  later  found  in  the  paint, 
a  strong-flying  damsel-fly  which  may  have  C(»ne  down  the  wind  and 
been  able  to  make  a  landing,  even  though  the  air-current  were  sheering 
off  across  the  surface  painted. 

An  examination  of  the  station  on  June  26  and  27  disclosed  6  living 
and  1  dead  house-flies,  Mueoa  domestical  in  the  lower  rooms;  one 
mutilated  damsel-fly  and  one  pentatomid  on  the  balcony  beneath  and 
outside  the  lantern,  and  three  dead  gnats  on  the  sills  of  the  storm  panes 
inside.  The  gnats  no  doubt  ascended  from  the  dwelling  below  and 
had  been  unable  to  find  their  way  out.  In  addition  to  these — ^^(iiidi, 
in  all  probability,  reached  the  station  by  flight — many  larder  pests 
were  discovered,  including  two  species  of  moths,  one  breeding  in  stale 
wheat  flour  and  the  other  in  packages  of  raisins,  bean  weevils  {Bruchus 
obtectus)  in  dried  beans,  and  a  heavy  infestation  of  weevils  in  two  cases 
of  the  pilot  bread  which  the  keepers  are  required  to  keep  on  hand  as 
a  provision  against  want  during  possible  prolonged  periods  of  inability 
to  secure  their  usual  provisions  from  Key  West.  Each  biscuit  con- 
tained upward  of  two  dozen  larvse  and  adults. 

Upon  inquiry  of  the  keepers  it  appeared  that  on  June  19  "one  or  two 
mosquitoes"  had  been  observed  by  them  in  their  living  quarters,  but 
that  this  was  a  rare  occurrence.  The  wind  on  the  two  preceding  dajrs 
had  been  from  the  northeast  and  north-northeast,  so  tibat  the  source 
may  well  have  been  the  coast  of  Florida.  It  is  probable  that  had  a 
careful  lookout  been  kept  at  that  time  several  other  specimens  would 
have  been  noted. 

METHODS  OF  OBTAINING  INSECTS  WHICH  VISITED  THE  STATION. 

On  June  26  an  insect  net  5  feet  in  diameter  and  6  feet  de^  was  so 
suspended  from  the  balcony  railing  beneath  the  lantern  that  any  wind 
from  the  northeast,  east,  or  southeast  would  spread  it;  but  the  hope  that 
insects  might  be  caught  in  this  net  was  not  realized  during  the  entire 
period  of  observations.  The  lamp  at  this  station  is  apparently  not  of 
sufficient  strength  and  its  flashes  not  of  suflScient  length  to  attract 
many  of  the  insects  which  may  be  passing.  During  a  revolution  of  the 
lamp  and  lenses  lasting  30  seconds  two  groups  of  three  similar  flashes 
occiu*,  each  group  requiring  9  seconds  and  being  followed  by  a  blank 
interval  of  6  seconds. 

Practically  all  mosquitoes  and  flies  were  taken  with  a  hand  net.  In 
order  to  catch  all  of  the  former  a  close  examination  of  the  entire  station 
was  made  several  times  a  day  in  order  to  dislodge  any  which  had  found 
resting-places  in  dark  comers.    However,  most  of  the  mosquitoes 
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were  taken  in  the  act  of  biting  some  person.  During  a  flight  it  was 
necessary  only  to  station  one's  self  quietly  in  the  windward  door  of  a 
room  in  order  to  entice  any  mosquito  present  within  reach  of  the  net. 
After  it  had  been  observed  that  these  insects  occasionally  were  at- 
tracted to  the  corks  of  bottles  of  raspberry  shrub,  dishes  containing 
some  of  the  liquid  were  set  in  several  likely  positions.  Examination 
now  and  then  resulted  in  the  capture  of  a  mosquito.  After  dark  a 
flash-light  was  of  great  service  in  locating  mosquitoes  which  were 
attempting  to  bite. 

In  order  to  capture  hous^-flies  it  was  necessary  only  to  keep  a 
close  watch  in  the  kitchen  and  living  rooms  and  to  net  those  which 
approached  men  at  work  outside.  It  was  found  possible  to  keep  the 
station  practically  free  of  Mucsa  damesHca  in  this  way.  During 
periods  of  continued  easterly  winds  the  larger  number  of  those  taken 
on  a  given  day  were  captured  easily  just  after  daybreak.  These  had 
doubtless  arrived  during  the  night.  Single  specimens  would  then  be 
noted  at  long  intervals  during  the  day.  Thus  when  dusk  fell  the 
station  would  again  be  practically  free  from  flies. 

It  should  be  stated  in  this  connection  that  there  were  absolutely  no 
breeding-places  for  M'uaca  domeatica  upon  the  station.  The  sewage 
and  garbage  were  at  once  committed  to  the  sea. 

INSECTS  TAKEN  AT  REBECCA  SHOAL  FROM  JUNE  26  TO  JULY  18. 

Those  insects  which  migrated  to  Rebecca  Shoal  light-station  proved 
to  belong  to  four  orders,  Odonata,  Neuroptera,  Lepidoptera,  and  Dip- 
tera.  Of  the  first  order  only  two  appeared,  one  being  a  large  dragon- 
fly and  the  other  a  damsel-fly.  A  single  Neuropteran,  the  golden-eyed 
lace-wing  Chrysopa,  was  ta^en,  while  the  only  Lepidopteran  was  a 
moth,  Syntomeida  epilais  Walker.  The  Diptera,  as  anticipated,  were 
more  nimierous  both  as  to  species  and  individuals,  and  it  is  with  these 
that  the  remainder  of  the  paper  will  be  mainly  concerned. 

On  the  next  page  is  a  table  showing  the  weather  conditions  and  the 
kinds  and  numbers  of  insects  taken. 

Considering  first  the  occurrence  of  mosquitoes,  the  table  on  the  fol- 
lowing page  shows  that  during  all  the  time  from  Jime  26  to  July  3, 
while  the  wind  was  blowing  from  the  east  or  changing  into  the  north, 
only  a  single  mosquito  was  noted.  This  was  taken  on  July  I  at  9  p.  m., 
and  was  of  the  species  Aides  niger.  It  is  probable  that  its  point  of 
departure  was  the  Marquesas  Keys,  24  miles  to  the  east.  A  few 
others  appeared  later  on  east  winds. 

On  July  2  the  wind  shifted  into  east-northeast  and  continued  lightly 
from  that  direction  during  the  night.  At  5  a.  m.  of  July  3  it  was  north, 
having  shifted  considerably  during  the  night;  at  10  a.  m.  it  was  north- 
east, at  12  noon  it  was  north  and  continued  so  during  the  rest  of  the 
day,  freshening  toward  night.  The  weather  was  now  clear  and  the 
moon  full.    No  mosquitoes  were  noted  during  the  day. 
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At  5f^30r  on  the  morning  of  July  4  the  wind  was  still  in  the  north  and 
continued  so  during  the  forenoon.  Throughout  the  afternoon  it  blew 
from  a  few  points  west  of  north,  again  freshening  toward  night.  At  8 
a.  m.  the  first  specimen  of  what  proved  to  be  one  of  the  two  important 
mosquito  migrations  appeared  at  the  station.  This  arrival,  as  may  be 
calculated,  was  at  least  27  hours  after  the  wind  had  begun  blowing 
from  the  northeast  or  north,  but  no  more  were  noted  until  between  6 
and  7^30™  p.  m.,  when  3  were  taken,  indicating  that  mosquitoes  in  the 
vicinity  were  increasing  in  number. 

The  wind  was  still  blowing  moderately  from  the  north  at  4^30*  a.  m. 
on  July  5.    That  mosquitoes  were  still  about  was  proved  by  the  cap- 

Tablb  1 . — InsecU  taken  at  Rebecca  Shoal  Ughi-'dation  and  the  oonditian*  of  their  occurrence. 
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Qh  00"  p.  m. 

NE. 
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10  6»»00"a.m. 

E. 

Light. . . . 

4*' OOP*  p.  m. 
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Cahn .... 

0 

0 

One  blow-^,  lAteUia. 

8**  30^  p.  m. 

SE. 

Strong. . . 

Squalls... 

11   5*00"a.m. 

WSW. 

i'^edi. . . . 

Cloudy... 

37 

18 

8>>00"a.m. 

SW. 

Veiy  light 

O**  00"  p.m. 

SW. 

Do. 

12  6>'00"a.m. 

ESE. 

Fresh 

Clear. . . . 

7 

5 

Moth,  Syntofimda, 

8*"  00"  p.m. 

E8E. 

Strong. . . 

13 

E.  byS. 

Do.     . . . 

Do 

1 

1 

14 

E. 

Do.    ... 

Do 

0 

2 

15 

E. 

Do.    ... 

Do 

0 

1 

16 

E. 

Do.    . .. 

Do 

0 

0 

17 

E. 

Do.    ... 

Do 

0 

1 

18 

E. 

Do.    ... 

Do 

0 

0 
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ture  of  a  specimen  at  this  early  hour,  just  as  day  was  breaking.  An- 
other was  taken  at  5^3(r,  and  during  the  next  3  hours  of  the  morning 
mosquitoes  were  so  numerous  that  at  times  2  or  more  could  be  cap- 
tured with  one  sweep  of  the  net;  at  S^IS'"  a.  m.  the  coimt  stood  at  14 
specimens.  At  intervals  during  the  day  others  appeared,  the  last  at 
8  p.  m.,  which  made  the  total  21  for  the  day. 

Now  this  marked  increase  in  the  number  of  mosquitoes  encountered 
at  the  station,  following  a  shift  of  90^  or  more  in  the  direction  of  the 
wind,  from  east  to  north  by  west,  gains  more  significance  as  we  note 
the  interval  of  time  elapsing  between  the  inauguration  of  this  change 
and  the  appearance  of  the  insects.  As  already  stated,  at  least  27 
hours  had  passed  from  the  time  when,  on  the  night  of  July  2  and  3,  the 
wind  was  blowing  from  the  vicinity  of  Cape  Sable,  105  miles  to  the 
northeast  on  the  southwest  point  of  Florida,  and  the  arrival  of  the  first 
mosquito  at  Rebecca  Shoal  at  8  a.  m.  on  July  4.  That  only  1  specimen 
was  taken  at  this  time  indicates  that  comparatively  few  mosquitoes 
were  blown  out  to  sea  from  the  southern  capes.  Not  until  toward 
night,  after  the  wind  had  been  blowing  for  over  37  hours,  did  the  num- 
bers begin  to  rise.  The  inference  is  that  as  the  wind  shifted — assuming 
that  its  direction  held  over  the  entire  distance — ^points  farther  and  farther 
north  on  the  west  coast  of  Florida  contributed  to  the  forced  migration 
of  mosquitoes.  As  will  appear,  the  species  taking  part  were  only  such 
as  breed  in  salt  marshes;  therefore,  those  regions  havmg  such  swamps 
would  send  out  large  swarms. 

It  will  be  seen  that  the  body  of  the  swarm  encountered  at  Rebecca 
Shoal  arrived  on  July  5,  after  the  wind  had  been  blowing  from  due 
north — the  direction  of  Tampa  Bay — ^f or  48  hours  or  more.  Obviously 
it  can  not  be  determined  just  how  far  up  the  coast  these  mosquitoes 
originated,  but  it  is  certsdnly  possible  that  some  of  them  may  have 
come  from  points  150  miles  to  the  north. 

The  specimens  taken  on  this  migration  proved  on  determination  to 
belong  to  two  species.  A  single  one  of  ASdes  soUicitans  was  captured 
on  July  4.  The  other  three,  as  well  as  the  21  taken  on  July  6,  were 
of  the  species  Asdes  niger.  A .  soUicitans  and  A .  tceniorhynchus  (a  species 
closely  allied  to  ^1.  niger)  have  become  noted  for  their  migratory  habits 
through  the  researches  of  Dr.  Smith,  of  New  Jersey.  Breeding  in  the 
salt  marshes  along  the  seashore  each  sununer  develops  inunense  swarms 
which  spread  inland  to  harass  the  inhabitants  of  cities  even  30  miles 
away.  In  New  Jersey  A.  soUicitans  with  A.  cantator  is  the  dominant 
species,  tosniorhynchus  being  much  less  important,  according  to  Dr. 
Smith : 

*'Cvlex  UmiorhynchiM  develops  with  cantator  and  soUicUans  under  the 
same  conditions  and  migrates  with  them;  but  it  does  not  fly  so  far  and  is 
alwa3rs  so  much  less  abundant  that  it  needs  no  special  account  here." 

In  the  south,  however,  A .  niger  appears  to  be  the  dominant  species  and 
certainly  flies,  or  is  carried  by  winds,  over  the  sea  for  long  distances. 
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Late  in  the  afternoon  of  July  5  the  wind  at  Rebecca  Shoal  began  to 
shift  eastward,  being  east-northeast  at  5  p.  m.  and  east  by  ncnrth  at 
9^45*^,  blowing  freshly.  The  last  mosquito  was  taken  at  8  p.  m.  Day- 
light of  July  6  still  found  the  wind  east  by  north  and  moderate.  Two 
mosquitoes  were  captured,  one  at  5  a.  m.  and  the  second  at  8^27* 
a.  nL,  the  last  for  Uie  day.  These  individuals  were,  no  doubt,  the 
rear  guard  of  those  brought  from  Florida  by  the  winds  of  the  day  pre- 
ceding. 

No  more  mosquitoes  appeared  until  July  8,  when  4  were  taken  diuing 
the  forenoon;  July  9  yielded  6  more,  all  ASies  niger.  Since  the  wind 
on  July  7-8  and  f(»renoon  of  July  9  was  east — ^that  is,  it  was  blowing 
directly  along  the  reef  from  Marquesas  to  Rebecca  Shoal — ^the  infer- 
ence is  that  the  mosquitoes  were  carried  by  the  light  breeze  from  these 
islands  24  miles  away.  Although  there  are  extensive  brackish  swanqis 
on  the  Marquesas  Keys,  it  was  found,  when  we  visited  them  on  July 
30,  that  most  of  the  water  had  evaporated,  leaving  only  heavy  mud. 
Rains  had  been  infrequent  during  the  preceding  weeks  with  the 
result  that  swamps,  which  during  the  rainy  season  give  rise  to  multi- 
tudes of  mosquitoes,  were  during  July  improductive.  There  were 
many  adult  Aides  niger  in  the  grass  and  among  the  mangrove  trees, 
however,  and  it  was  no  doubt  from  their  ranks  that  the  few  brought 
on  east  winds  to  Rebecca  Shoal  were  derived. 

It  was  hoped  that  another  north  wind  would  arise,  so  that  the 
striking  migration  observed  on  July  4  and  6  might  be  duplicated. 
While  this  did  not  happen,  I  was  fortunate  enough  to  be  on  the  station 
during  a  period  of  southerly  breezes  which  brought  an  even  more 
marked  flight  of  mosquitoes.  After  several  hours  of  calm  on  July 
10,  southeast  squalls  blew  up  late  in  the  evening,  lasting  for  two  hours. 
The  wind  then  veered  into  the  south  and  finally  held  west-southwest, 
blowing  freshly  all  night.  At  5^30™  a.  m.  of  July  11  the  first  mosquito 
was  captured;  32  more  were  added  to  the  collection  during  the  day,  and 
were  well  distributed  as  to  time,  2  being  caught  at  7^30™  a.  m.  and  1  at 
each  of  the  following:  S^'IS",  8^30",  8^52«,  8^56",  8^57",  9»K)7™,9^^ 
9*^11",  9*^16",  Itf^ll"",  ltf*24",  11^38",  11^40™,  12H)5",  12^10",  12^13", 
12^15-,  1^20°^,  1»^22«,  1»'25»,  3^30",  4H(r,  and  5*K)9"»;  between  6^30" 
and  7^30™  p.  m.  7  more  were  taken,  but  none  was  noted  after  darkness 
feU. 

The  greater  number  rose  only  to  the  platform  level,  but  8  reached 
the  second  story  above,  and  1  was  caught  by  one  of  the  assistant  keepers 
while  painting  the  railing  above  the  lantern  at  the  very  top  of  the  sta- 
tion, 65  feet  above  the  water.  In  order  to  determine  whether  the 
insects  were  numerous  just  above  the  surface  of  the  sea,  I  stationed 
myself  on  the  boat-lancting  8  feet  from  the  water.  One  or  two  speci- 
mens were  caught  here  attempting  to  bite,  but  they  seemed  no  more 
abundant  than  at  the  level  of  the  platform  30  feet  above. 
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During  the  night  of  July  11-12  the  wind  veered  again  toward  the 
east;  at  5  a.  m.  July  12  it  was  blowing  freshly  from  east-southeast; 
7  mosquitoes  appeared  between  9  a.  m.  and  2^2(y^  p.  m. 

Judging  from  the  direction  of  the  wind  previous  to  and  during  this 
migration  of  July  11  and  12,  we  conclude  that  these  mosquitoes  were 
carried  from  the  shores  of  Cuba.  The  time  required  for  the  passage 
was  apparently  less  than  in  the  earlier  noigration  from  Florida;  at  the 
end  of  only  10  hours  after  the  wind,  as  noted  at  Rebecca  Shoal,  began 
to  blow  from  the  southeast — 8  p.  m.  to  &^SG^  the  following  morning — 
the  first  mosquito  appeared,  whereas  in  the  first  case  27  hours  were 
required.  Since  the  strength  of  the  wind  was  similar  in  the  two  cases 
this  disparity  in  the  time  intervals  may  indicate  that,  while  the  second 
flight  may  have  left  the  Cuban  coast  at  the  point  nearest  to  Rebecca 
Shoal — ^95  miles  directly  south — ^the  first  swarm  probably  took  its 
departure  far  up  the  west  coast  of  Florida ;  for  the  nearest  point,  Cape 
Sable,  is  only  105  miles  from  Rebecca. 

The  fact  that  the  great  majority  of  mosquitoes  taken  belong  to 
the  single  species  Aedes  niger  is  evidence  of  its  wide  distribution  and 
common  occurrence  in  the  south.  Furthermore,  this  distribution  is 
doubtless  the  result  of  the  ability  of  these  insects  to  sustain  them- 
selves in  the  air  and  so  to  be  carried  long  distances  across  the  sea  by 
winds.  Howard,  Dyar,  and  Enab  give  the  range  of  this  species  as  the 
AntiUes  and  Florida  from  Tampa  southward. 

On  July  13  the  wind,  east  by  south  early  in  the  morning,  finally 
settled  into  a  strong  and  steady  blow  from  due  east  and  continued  so 
through  the  next  6  days.  A  single  mosquito  taken  on  the  morning  of 
July  13  was  the  last  which  appeared  dxuing  my  stay  at  the  lighthouse. 

As  Smith  has  shown,  mosquitoes  do  not  rise  from  the  groimd  while 
strong  winds  are  blowing.  Had  any  been  carried  to  the  station  it  is 
improbable  that  they  could  have  made  a  landing  even  on  the  lee  side 
in  the  gale. 

Very  important,  as  supplementing  my  experiences  at  Rebecca  Shoal, 
are  observations  made  at  Loggerhead  Key  by  Dr.  A.  G.  Mayer  and 
other  investigators.  On  July  1 1  they  noted,  under  similar  wind  con- 
ditions to  those  at  Rebecca  Shoal,  an  imusual  abimdance  of  mosquitoes 
and  preserved  22  specimens,  which  proved  to  be  of  the  same  species, 
A.  niger.    Dr.  Mayer  made  the  following  record: 

''On  the  night  of  July  10,  at  about  8  p.  m.,  there  was  a  sudden  squall  with 
rain  from  the  southeast.  By  the  morning  of  July  11  the  wind  was  south  to 
south-southwest,  blowing  in  a  gentle  south-southwest  breeze  all  day.  Mos- 
quitoes were  noticed  at  about  noon  of  July  11,  and  became  a  pest  by  night, 
80  that  we  were  unable  to  lie  on  the  sand,  as  is  our  custom,  at  the  southern 
end  of  the  island.  Many  of  them  were  also  found  in  the  laboratory,  and 
they  were  thick  in  the  bushes  near  the  buildings  and  over  the  ocean  about 
300  feet  from  shore  on  the  west  side  of  the  island.  During  the  night  of  July 
11  and  12  the  wind  veered  to  southeast  to  east-southeast,  and  the  mosquitoes 
practically  disappeared.'' 
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Thus  it  appears  that  the  migration  of  July  11,  occurring  simultane- 
ously at  Rebecca  Shoal  and  Loggerhead  Key,  presented  a  front  of  at 
least  20  miles.  The  individuals  which  actually  alighted  upon  the 
station  were,  of  course,  only  a  small  percentage  of  those  which  crossed 
the  open  sea  within  the  visual  radius  of  13  miles;  only  those  which  came 
very  close  could  have  been  attracted  by  any  slight  odors  ftmAfiAtiTig 
from  the  lighthouse.  Although  Ix^K^rhead  Key  is  three-fourths  of  a 
mile  long  and  hence  much  larger  than  Rebecca  Shoal  station,  it  still 
represents  a  small  area  on  the  surface  of  the  sea.  From  these  data  one 
hesitates  to  compute  the  possible  numbers  of  mosquitoes  that  were 
carried  out  to  sea  by  the  wind  blowing  from  the  Cuban  coast. 

On  July  18, 1  was  transferred  from  Rebecca  Shod  to  the  Tortugas, 
where  observations  were  continued.  The  wind  held  in  the  east  for  the 
10  days  of  my  stay  there,  so  that  no  opportunity  arose  to  witness 
another  mosquito  migration.  Attention  was  ttimed  toward  a  deter- 
mination of  the  numbers  and  species  of  the  mosquitoes  still  present 
on  the  islands,  and  their  possible  breeding-places. 

As  stated  by  Dr.  Mayer,  the  veering  of  the  wind  on  the  night  of 
July  11-12  caused  a  marked  decrease  in  the  numbers  of  mosquitoes 
encountered  in  the  vicinity  of  the  laboratory;  still  it  was  possible 
10  days  later  to  attract  considerable  nimibers  of  ASdes  niger  by 
stationing  one's  self  quietly  in  the  shade  near  the  bay  cedar  bushes. 
On  July  22  mosquitoes  in  one  of  the  laboratories  were  so  numerous  that 
4  were  taken  in  one  sweep  of  the  net.  Again  on  July  23,  in  the  half 
hour  just  preceding  darkness,  11  specimens  were  caught. 

Since  there  are  no  swamps  on  the  small  sandy  keys,  the  only  breeding- 
places  for  mosquitoes  are  such  receptacles  as  may  be  maintained  or 
left  by  man.  Examination  showed  that  no  larvae  were  present  in  the 
fresh-water  storage  reservoirs  at  the  laboratory  or  at  the  Loggerhead 
light-station.  It  was  thought  likely  that  mosquitoes  might  be  breeding 
in  cans  thrown  upon  a  waste  pile  among  the  bay  cedar  bushes.  On 
investigation  many  were  found  that  contained  rain-water  but  no  larvae. 
In  short,  not  a  single  larva  was  found  on  Loggerhead  Key  during  my 
visit.  Nevertheless,  one  small  batch  had,  earlier  in  the  season,  ma- 
tured in  a  shallow  pool  on  a  cement  floor  beneath  the  refrigerator,  and 
the  possibility  is  not  excluded  that  Stegomyia  calopus  may  have  been 
breeding  there  late  in  July;  several  specimens  of  this  species  were  cap- 
tm*ed  about  the  laboratory.  But  that  Aedes  niger  or  soUidtans  were 
breeding  at  that  time  is  extremely  doubtful,  for  both  require  brackish 
water  for  their  development,  and  all  the  receptacles  contained  only 
fresh  water.  Not  only  in  the  vicinity  of  the  laboratory  was  it  easy 
to  obtain  specimens ;  they  were  distributed  over  the  entire  key.  In 
the  early  morning,  f^temoon,  and  evening  A,  niger  could  be  attracted 
from  the  grass  and  bay  cedar  bushes. 

The  conditions  on  another  of  the  Tortugas  Islands  are  interesting 
in  this  regard.    East  Key  lies  6  miles  east  of  Loggerhead  and  is  the 
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most  isolated  of  the  group  as  well  as  least  frequently  visited  by  man. 
Although  it  has  a  fairly  luxuriant  growth  of  bay  cedars  and  xerophytic 
shrubs,  there  is  not  a  drop  of  water  on  the  key,  and  hence  no  possi- 
bility of  mosquitoes  breeding.  On  July  20  and  21  I  found  Aides 
niger  so  numerous  at  dusk  and  daybreak  that  as  many  as  4  females 
would  be  attempting  to  bite  at  one  time.  A  walk  through  the  grass  at 
sunset  was  sure  to  arouse  several  of  the  insects.  As  to  the  origin  of  the 
mosquitoes  foimd  on  East  Key,  two  or  three  sources  may  have  con- 
tributed. We  have  seen  that  on  east  winds  a  few  of  the  Aedes  niger 
migrated  to  the  Rebecca  Shoal  light-station.  Since  East  Key  is  only 
12  mQes  farther  west  it  seems  likely  that  a  few  may  also  reach  this 
island  from  Marquesas,  but,  no  doubt,  the  greater  number  came  in  the 
migrations  of  July  5  and  11.  It  is  known  that  they  are  capable  of 
living  for  some  time  in  captivity,  and  so  may  well  have  survived  on 
plant  juices  from  July  11  to  21. 

On  July  23  an  examination  of  the  fresh-water  reservoirs  at  Fort 
Jefferson  was  imdertaken  to  determine  the  extent  to  which  mosquitoes 
were  breeding  there.  It  was  found  that  all  except  one  of  the  tanks 
had  been  treated  a  short  time  before  with  kerosene,  but  this  one  con- 
tained large  nxunbers  of  larvse  and  pupse.  Several  hundred  were 
transferred  in  glass  jars  to  Loggerhead  Key,  where  some  were  pre- 
served and  the  others  allowed  to  mature. 

Since  Stegomyia  calopus  used  to  breed  in  the  reservoirs  at  Fort  Jeffer- 
son it  was  expected  that  at  least  a  part  of  these  would  prove  to  be  of  that 
species.  But  all  larvse  and  adults  reared  from  them  proved  to  be 
Culex  pipiens  linnseus.  Not  a  single  adult  of  this  had  been,  or  was 
later,  taken  either  at  Rebecca  Shoal  or  at  Tortugas.  It  is  probable 
that  the  adults  had  been  introduced  by  vessels  visiting  the  fort  and 
had  deposited  ^gs  in  this  reservoir.  That  the  imagoes  emerging  from 
this  source  do  not  fly  to  other  keys  of  the  Tortugas  2  and  3  miles  away 
is  not  surprising;  Culex  pipiens  does  not  fly  far  from  its  breeding-place. 

Unfortunately  I  did  not  succeed  in  determining  the  origin  of  t  he 
specimens  of  Stegomyia  calopus  which  were  taken  on  Loggerhead  Key. 
The  fact  that  the  majority  were  males  indicates  that  the  breeding- 
place  was  not  far  away;  indeed,  it  is  known  that  this  species  seldom 
flies  more  than  a  few  hundred  yards. 

THE  MIGRATION  OF  THE  HOUSE-FLY. 

The  migratory  powers  of  Musca  domestica  were  clearly  demonstrated 
by  the  occurrence  of  specimens  at  Rebecca  Shoal.  On  my  arrival  at 
the  station,  Jime  26, 1  found  6  house-flies;  2  more  were  taken  on  the 
following  day.  As  previously  explained,  there  was  no  possible  breeding- 
place  for  Musca  domestica  on  the  lighthouse;  all  refuse  is  immediately 
thrown  into  the  sea.    So  it  was  plain  that  these  flies  had  either  been 
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introduced  by  boats  or  had  flown  across  the  sea.  That  boats  are 
responsible  for  the  presence  of  a  few  flies  at  the  station  was  shown  wh^ti 
the  onall  auxiliary  catboat  brought  one  of  the  assistant  keepers  from 
Key  West;  3  house-flies  were  found  upon  it  as  it  was  raised  from  the 
water  to  tlie  platform.  Mr.  Roberts,  the  assistant,  stated  that  the 
flies  had  annoyed  him  during  the  trip  from  the  Marquesas  Keys  to 
Rebecca  Shoal  that  day. 

No  more  specimens  were  taken  during  the  next  8  days,  as  wUl  appear 
from  the  table  on  page  202.  It  is  important  to  note  that  not  even 
with  the  swarm  of  mosquitoes  which  arrived  on  July  5  were  any  house- 
flies  noted.  But  on  July  6,  following  the  sudden  change  of  the  wind 
from  north  to  east  late  on  the  preceding  day,  the  lighthouse  by  con- 
trast seemed  fairly  alive  with  Musca  domestica;  25  were  captured  during 
the  day— 3  between  6  and  7*^30"  a.  m.;  1  each  at  9^20",  9^40",  10^55", 
11*^30",  11^32";  10  between  11*'33»  and  iHb"^;  2  at  ^KT  p.  m.;  1  at 
3  p.  m.;  2  at  4*^20";  1  at  5*^15",  and  the  last  at  5*^26™. 

I  am  at  a  loss  to  account  for  the  flight  of  house-flies  from  the  east, 
since  no  such  numbers  had  come  to  the  station  on  the  east  winds  which 
prevailed  from  June  26  to  July  2.  Had  they  arrived  along  with  the 
mosquitoes  on  July  5  the  obvious  assumption  would  have  been  that 
they  had  come  from  the  coast  of  Florida,  but  the  fact  that  none 
appeared  until  12  hoiurs  after  the  wind  had  veered  into  the  east  seems 
rather  to  point  to  Marquesas  or  some  island  farther  east  along  the  reef 
as  their  source.  That  it  would  have  been  possible,  as  far  as  distance 
is  concerned,  for  the  flies  to  have  been  carried  from  Key  West  46  miles 
to  the  east,  will  appear  after  a  statement  of  the  conditions  under  which 
the  second  notable  migration  of  Mueca  domestica  appeared  at  Rebecca 
Shoal,  but  the  reason  for  their  leaving  an  eastern  point  in  such  large 
nimibers  at  this  time  is  still  hidden;  possibly  the  sudden  change  in  the 
direction  of  the  wind  took  them  unawares. 

During  the  7th,  8th,  and  9th  of  July  the  wind  continued  to  blow 
lightly  from  the  east.  On  the  7th  of  July,  5  flies  were  taken,  2  of  them 
at  6*^30°'  a.  m. ;  1  at  6  and  2  at  12*^30™  p.  m.  July  8  brou^t  5  more, 
1  at  9^40™  a.  m.;  2  at  12*^30^;  1  at  2*^30",  and  1  at  ff'TXT.  A  specimen 
was  captured  at  6*^10™  a.  m.  on  July  9,  another  at  11*^30™,  and  a  third  at 
6  p.  m. ;  none  appeared  on  July  10  while  the  wind  was  shifting  toward 
the  south,  but  on  the  memorable  11th,  along  with  37  mosquitoes,  came 
18  house-flies  from  Cuba.  It  is  interesting  to  note  that,  whereas  the 
mosquitoes  were  captured  at  all  hours  of  the  day  as  they  reached  the 
station,  these  flies  were  all  taken  between  9'*50"  and  11*^42"  a.  m.,  1 
hour  and  52  minutes.  A  possible  explanation  suggests  itself.  It  will 
be  remembered  that  no  Musca  doinestica  accompanied  the  mosquitoes 
from  the  coast  of  Florida  on  the  north  wind  of  July  4  and  5,  but  the  very 
shortest  distance  in  that  direction  is  105  mUes.  Now,  the  distance 
from  Rebecca  Shoal  to  the  coast  of  Cuba  is  10  miles  less  or  about  95 
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miles.  These  facts,  taken  with  the  sudden  appearance  and  disappear- 
ance of  the  flies  on  July  11,  suggests  that  95  miles  is  about  the  limit  to 
the  distance  over  which  they  were  able  to  sustain  themselves  with  the 
wind  blowing  moderately.  That  the  wind  was  not  the  only  factor 
that  caused  the  cessation  of  their  appearance  is  plain  from  the  fact 
that  it  neither  changed  its  direction  nor  lessened  its  rate  until  several 
hours  later. 

On  July  12  the  number  of  Mrisca  domesUca  fell  to  normal,  5  being 
taken.  During  the  succeeding  days  of  high  east  winds  very  few 
appeared  at  the  lighthouse,  1  on  July  13,  2  on  the  14th,  1  on  the  15th, 
and  the  last  on  the  17th. 

At  Tortugas  house-flies  are  numerous  at  all  times  during  the  season 
when  the  Biological  Laboratory  is  open.  An  attempt  was  made  to 
determine  whether  or  not  they  breed  there.  Since  all  sewage  and 
refuse  is  at  once  disposed  of  in  the  sea,  it  was  thought  possible  that 
Musca  domestica  might  be  breeding  in  dead  land-crabs.  In  order  to 
test  this  source  100  house-flies  were  inclosed  within  a  glass  jar  con- 
taining 3  inches  of  sand,  2  large  ghost  crabs,  Ocypoda  arenaria,  and  a 
small  dish  of  water.  The  jar  was  tightly  closed  with  fine  bolting-cloth 
to  prevent  the  entrance  of  ants.  Apparently  no  ^gs  were  deposited, 
for  no  maggots  developed. 

When  it  was  found  that  there  was  little  likelihood  of  house-flies 
breeding  at  Tortugas,  attention  was  turned  to  the  question  as  to 
whether  it  would  be  reasonable  to  expect  that  all  Musca  domestica 
foimd  there  had  either  been  introduced  upon  vessels — and  many  cer- 
tainly are — or  migrated  with  the  aid  of  the  winds.  Now,  to  one  who  had 
formed  his  estimate  of  the  nxmibers  of  house-flies  present  on  Loggerhead 
Key  by  observations  made  in  the  laboratories,  such  a  proposition 
might  well  seem  unreasonable,  but  as  a  matter  of  fact  the  flies  are 
practically  limited  to  the  laboratories  and  to  the  lighthouse  buildings. 
I  found  hardly  a  half  dozen  specimens  in  the  bushy  and  untenanted 
parts  of  the  island.  True  to  their  name,  the  house-flies  seek  the  build- 
ings occupied  by  man.  It  is  probable  that  the  Musca  domestica  on 
Loggerhead  Key  during  the  latter  part  of  July  numbered  not  over  5,000. 
Calculating  the  number  which  may  be  expected  to  have  been  attracted 
to  the  island  on  the  southerly  wind  from  Cuba  on  July  11,  by  multi- 
plying 25  taken  at  that  time  on  Rebecca  Shoal  light-station  by  the 
relatively  larger  size  of  Loggerhead — say  2,000 — and  we  have  50,000  flies, 
a  numb^  greatly  in  excess  of  those  present.  Hence  it  seems  entirely 
within  the  range  of  possibility  that  Musca  domestica  does  not  breed  on 
Loggerhead  or  the  other  Tortugas  Keys,  but  that  the  few  thousand 
specimens  found  there  migrate  from  the  mainland  or  from  larger 
islands.  Account  should  also  be  taken  of  the  few  flies  which  may 
reach  Tortugas  from  the  east ;  as  high  as  5  per  day  were  often  borne  to 
Rebecca  Shoal  on  easterly  winds. 
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THE  OCCURRENCE  OF  OTHER  DIPTERA  AT  REBECCA  SHOAL 

Besides  mosquitoes  and  house-flies  several  species  of  Diptera  visited 
Rebecca  Shoal  light-station  during  the  period  of  observation.  On 
June  29,  with  a  moderate  east  wind  blowing,  a  Tabanid  of  the  sort 
commonly  called  greenheads  settled  upon  the  freshly  painted  railing  of 
the  platform,  where  it  was  captured;  another  was  taken  on  July  7. 
Again  the  wind  was  blowing  lightly  from  the  east,  indicating  that  these 
large  flies  were  borne  westward  along  the  reef  and  were  able  to  cross 
the  24  nules  of  open  water  between  Marquesas  and  Rebecca  Shoal 
station.     Tabanvs  is  not  uncommon  on  Loggerhead  Key. 

Blow-flies  of  two  species  were  also  noted  at  the  lighthouse  and  5 
were  taken,  1  on  June  27  and  2  on  July  8,  1  on  the  9th,  and  the  last  on 
the  10th.  It  will  be  seen  from  the  table  on  page  202  that  on  all  these 
days  the  winds  were  from  the  east. 

The  only  other  Dipteran  which  visited  Rebecca  Shoal  was  a  small 
gnat  taken  just  before  dusk  on  July  2.    Again  the  wind  was  in  the  east. 

OTHER  INSECTS  NOTED  AT  REBECCA  SHOAL  STATION. 

Other  orders  of  insects  were  but  meagerly  represented  at  Rebecca 
Shoal.  As  noted  above,  a  single  damsel-fly  was  caught  in  paint  applied 
to  the  building  on  June  2L  A  large  dragon-fly  was  seen  to  approach 
the  station  on  July  5;  it  alighted  on  the  roof  of  the  lantern  at  the  very 
top  of  the  structiire,  and  when  an  attempt  was  made  to  capture  it  with 
a  hand-net  it  escaped  and  disappeared  to  the  southwest.  Although  a 
lookout  was  kept  for  it  throughout  the  rest  of  the  day  nothing  further 
was  seen  of  the  specimen,  thus  indicating  that  its  long  flight  from  the 
northward  had  not  exhausted  its  strength.  One  specimen  of  the 
Neuropteran  called  green-eyed  lace-wing,  Chryaopa,  came  to  the  station 
on  July  8. 

One  Lepidopteran  made  the  passage  from  Cuba  to  Rebecca  Shoal  on 
the  southerly  winds  which  were  responsible  for  the  flights  of  mos- 
quitoes and  house-flies.  On  the  morning  of  July  12, 1  had  just  reached 
the  platform  on  the  southwest  side  of  the  station  when  a  large  moth 
alighted  upon  one  of  the  davits.  Its  capture  proved  it  to  be  one  of 
remarkable  beauty  and  strength,  SyrUomeida  epilais.  Its  form,  similar 
to  that  of  the  Sphingidse,  suggested  such  speed  and  endurance  as 
might  well  sustain  it  over  a  flight  of  95  miles. 

EVIDENCE  THAT  ODONATA  AND  LEPIDOPTERA  MIGRATE 

TO  TORTUGAS. 

Mention  has  just  been  made  of  a  dragon-fly  which  visited  Rebecca 
Shoal  station.  At  times  these  insects  are  niunerous  at  Tortugas,  both 
on  Loggerhead  and  East  Keys,  where  v^etation  is  abundant.  In 
July  1914  within  an  hoiu*  I  captured  a  score  at  East  Key.  On  the 
i  sland,  whose  extent  is  about  6  acres,  there  were  at  that  time  at  least 
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100,  but  during  the  two  days  spent  there  the  past  season  only  2  were 
seen,  1  of  them  being  captured.  At  Loggerhead  on  July  19  a  single 
individual  was  the  reward  of  a  day's  lookout,  and  only  3  were  seen 
there  until  the  morning  of  July  30,  when,  as  we  were  closing  the  labora- 
tories preparatory  to  leaving  the  island,  the  air  over  the  bay-cedar 
bushes  near  the  buildings  was  alive  vnih  dragon-flies.  I  coimted  a 
score  in  sight  at  one  time. 

Now,  since  there  is  no  possible  breeding-place  for  Odonata  upon  any 
of  the  Tortugas  Islands,  it  is  plain  that  the  great  variation  in  nimibers 
must  be  due  to  their  migratory  habits;  for  it  is  not  likely  that  boats 
or  other  agencies  are  responsible  for  their  introduction.  As  an  example 
of  the  tenacity  with  which  dragon-flies  follow  vessels  upon  which  they 
may  chance  to  be  carried  from  shore,  the  case  may  be  cited  of  a  lai^ 
specimen  observed  flying  about  the  superstructure  of  the  steamship 
Concho  just  before  it  left  the  dock  at  Key  West.  This  insect,  or  one  of 
its  species,  was  noted  on  the  following  day  while  the  boat  was  passing 
through  the  Straits  of  Florida.  It  was  still  on  board  when,  toward 
the  end  of  the  voyage,  the  vessel  was  within  100  miles  of  New  York. 

Occasionally  single  specimens  of  Lepidoptera  appear  at  Tortugas  as  if 
brought  involuntarily  from  distant  haunts.  On  July  28  a  Sphingid, 
Sesia  tantcUtia  Ldnnseus,  was  captured  while  feeding  on  lilies  near  the 
laboratory.  While  certain  species  apparently  breed  on  Loggerhead 
and  East  Keys,  others  are  so  rare  as  to  indicate  that  they  are  immi- 
grants. Dr.  Mayer  is  authority  for  the  statement  that  one  of  the  larger 
Noctuidse  often  comes  to  Tortugas  on  southerly  winds  from  Cuba. 

DO  SARCX>PHAGID>E  BREED  AT  TORTUGAS? 

Conspicuous  by  their  nxunbers  on  the  open  sandy  shores  and  among 
the  vegetation  closely  bordering  them  at  Tortugas  are  two  species 
of  Sarcophagid®  or  flesh-flies.  Mr.  R.  R.  Parker  has  identified  the 
larger  as  Sarothrornyia  femoralis  Schiner,  and  the  smaller  as  Sarcopha^ 
gula  occidua  Fabricius.  like  most  of  the  insects  inhabiting  these  white 
beaches  where  the  light  is  intense,  both  species  are  much  lighter  in  color 
than  ordinary  members  of  the  family.  Their  flight  is  also  peculiar  in 
so  far  as  I  am  familiar  with  the  group.  As  one  walks  along  the  beach 
these  flies  dart  into  the  air  only  to  alight  a  few  feet  in  advance,  repeat- 
ing these  short  flights  almost  as  a  series  of  hops  if  disturbed  by  the 
progress  of  the  intruder.  I  was  xmable  to  cause  an  extended  flight. 
The  possibility  was  suggested  that  their  powers  of  flight  had  been  modi- 
fied after  dwelling  for  some  time  on  these  isolated  kejrs.  If  such  were 
true  then  certainly  they  must  be  breeding  there,  for  their  numbers  are 
considerable. 

An  experiment  was  performed  in  order  to  ascertain  whether  or  not 
these  Sarcophagids  would  breed  in  dead  land-crabs.  On  July  19  a  glass 
jar  containing  3  inches  of  sand  and  a  freshly  killed  ghost  crab,  Ocypoda 
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arenaria^  whoee  carapace  measured  1}  inches,  was  set  under  bay  cedars 
near  the  beach  and  several  specimens  representing  both  species  of  flies 
were  inclosed  by  means  of  a  cover  of  fine  bolting  cloth.  Within  the 
next  2  days  all  the  adults  died  and  none  was  seen  inside  the  jarimtil  the 
morning  of  July  29,  when  three  imagoes  had  emerged.  On  examination 
101  pup«  were  found  near  the  bottom  of  the  sand;  the  majority  were 
of  the  larger  species.  It'is  thus  evident  that,  if  104  maggots  of  a  fly 
the  size  of  the  house-fly  can  develop  to  maturity  within  a  single  small 
crab,  it  is  not  necessary  to  look  to  migrations  to  keep  up  the  stock  of 
adults  at  Tortugas.  To  be  sure,  the  large  numb^  of  ants  there  may 
be  relied  upon  to  keep  the  flies  within  boimds;  very  few  dead  crabs  are 
left  long  above  ground.  But  years  ago  a  former  keeper  of  Loggerhead 
Light,  Mr.  George  Billbury,  called  Dr.  Maya's  attention  to  the 
fact  that  catain  flies  were  to  be  noted  about  the  entrances  of  crab 
burrows  in  the  sand.  As  he  surmised  at  that  time,  it  is  very  possible 
that  these  flies  may  occasionally  breed  in  crabs  which,  for  some  reason, 
die  in  their  burrows. 

SUMMARY. 

1.  Large  numbers  of  mosquitoes  and  house-flies  are  carried  by 
northerly  and  southerly  winds  to  Rebecca  Shoal  light-station  and  the 
Tortugas  Islands  from  Florida  and  Cuba. 

2.  Easterly  winds  bring  a  few  of  these,  as  well  as  smaller  numbers 
of  blow-flies,  horse-flies,  and  gnats  from  islands  east  on  the  Florida  Reef. 

3.  Occasionally  Odonata,  Neuroptera,  and  Lepidoptera  are  carried 
by  the  winds  to  these  parts  of  the  reef. 

4.  Sarcophagidse  breed  in  land  crabs  at  Tortugas. 

BIBLIOGRAPHY. 

CoQunjJBT,  D.  W.  1905.    A  classification  of  the  mosqiutoes  of  North  and  Middle  America. 

Technical  Series  No.  11,  Bureau  EntomoL,  U.  S.  Dept.  of  Agric. 
Giles,  Gbobqe  M.  1900.    A  handbook  of  the  gnats  or  mosquitoes,    xi+374  pages. 
Howard,  L.  O.  1901.    Mosquitoes,    xviu+241  pages. 

.,  Harrison  G.  Dtar,  and  Frederick  Knab.    The  mosquitoes  of  N<nth  and  Cen- 
tral America  and  the  West  Indies.     In  4  volumes.    Octavo.     Carnegie  Inst. 
Wash.  Pub.  No.  169. 
Vol.  1.    A  general  consideration  of  mosquitoes,  their  habits  and  their  relations  to 

the  human  species,    vu+520  pages,  14  plates,  6  text  figures.     1912. 
Vol.  2.    X  pages,  150  plates.    1912. 

Vol.  3.    Ssnitematic  description,  Part  I.    Pages  vi+523.     1915. 
Vol.  4.    Systematic  description.  Part  II.    Pages  525  to  1064.     1917. 
Mitchell,  Evelyn  G.  1907.    Mosquito  life. 
Smith,  J.  B.  1904.      Report  of  the  New  Jersey  State  Agricultural  Experim^t  Stati<m 

upon  the  mosquitoes  occurring  within  the  State,  etc.    482  pages. 
Theobald,  F.  V.    1901.    A  monograph  of  the  Culiddae  of  the  world.    Vols.  1  and  2, 
British  Museum. 


XI. 


ON  CHANGES  IN  THE  SEA  AND  THEIR  RELATION  TO 

ORGANISMS. 

By  J.  F.  McCLENDON. 

Associate  Professor  of  Physiology,  University  of  Minnesota  Medical  School. 

Eight  figures. 


213 


CCMMTENTS. 
Pabt  I. 

PAGE. 

IntroductioD 215 

Methods 218 

Currents 221 

Records  of  aQ  stations  and  of  a  tank  of  sea-water 222 

Discussion 227 

Pabt  II. 

Rdation  of  ozygen  tension  and  activity  of  the  nervous  system  to  metabolism  in  Cas- 

siopea 235 

On  the  dionical  precipitation  of  CaCX)i  in  sea-water 252 

Bibliography 258 

214 


ON  CHANGES  IN  THE  SEA  AND  THEIR  RELATION  TO 

ORGANISMS. 


Bt  J.  F.  MgClbndon. 


PART  I. 

INTRODUCTION. 

The  sea  and  air  form  the  circulating  media  for  the  living  organisms  of 
the  world,  and  although  the  air  circulates  so  rapidly  that  no  correlation 
between  local  faunas  and  floras  and  local  composition  of  the  air  has 
been  found,  the  local  composition  of  the  sea  is  distinctly  affected  by 
living  organisms.  The  local  changes  in  the  composition  of  the  sea  are 
the  subject  of  the  present  paper.  These  changes  are  due  chiefly  to 
organisms,  but  partly  to  meteorological  causes.  The  circulation  of 
the  air  certainly  affects  the  sea,  but  the  circulation  is  so  rapid  that  my 
attempts  at  correlating  meteorological  observations  (made  for  this 
purpose)  with  changes  in  the  sea  have  not  been  encouraging. 

The  water  evaporated  is  retiuned  with  addition  of  fixed  nitrogen 
from  electric  discharges  or  falls  on  the  land  and  is  returned  with  various 
salts,  chiefly  CaCOs,  and  with  fixed  nitrogen  and  other  products  of 
organisms.  Various  seaweeds  absorb  COs,  thus  leaving  an  excess  of 
CaCOt,  which  has  a  very  low  solubility  and  is  constantly  being  precipi- 
tated in  certain  warm  seas  and  is  precipitated  within  the  bodies  of 
organisms  in  the  surface  waters  of  all  seas.  In  working  out  the  relation 
of  H-ion  concentration  (pH)  to  the  solubility  of  CaCOa  in  sea-water,  I 
foimd  that  all  sea-water  is  supersaturated  with  CaCOs,  and  will  lose 
some  of  it  if  shaken  with  calcite  or  aragonite  crystals. 

The  study  of  the  local  changes  in  the  sea  is  complicated  by  the  pres- 
ence of  ciurents.  The  surface  currents  are  due  to  winds,  but,  owing  to 
the  inertia  of  the  water,  they  do  not  change  as  rapidly  as  the  wind  and 
hence  are  indicators  of  the  prevailing  winds  (fig.  1),  except  where  they 
are  deflected  by  bodies  of  land  or  rotation  of  the  earth.  The  largest 
currents  may  be  constant  (fig.  2),  but  the  smaller  currents  show  seasonal 
variations.  Very  few  constant  or  seasonal  vertical  currents  have  been 
mapped,  but  vertical  cxirrents  must  be  imiversal.  McEwen  has  col- 
lected an  enormous  mass  of  evidence  to  show  the  presence  of  vertical 
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currents  off  the  California  coast.  Vertical  currents  occur  also  off  the 
coast  of  Norway  and  in  the  eastern  Mediterranean  in  winter.  I  have 
found  local  and  diurnal  changes  in  the  Os  and  COs  content  of  the  sur- 
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Fio.  1. — ^Winds  of  the  AtUntio  Ocean.    The  long  arrows  show  direotioiia  of  steady 
winds,  the  short  arrows  the  prevailing  direoti<ms  of  variable  winds. 
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face  correlated  with  the  presence  of  plants  attached  to  the  bottom  (off 
the  Florida  Keys),  indicating  a  complete  inversion  of  the  water  or  mix- 


On  Changes  in  the  Sea  and  Their  Relatian  to  Organisms. 


217 


ing  of  top  and  bottom  water  several  times  a  day;  the  mixing  was  not 
rapid  enough,  however,  to  equalize  the  temperature  to  the  depth  of  50 
meters  on  a  cahn  sunny  day.    Palitzsch  (1912  h)  found  the  average 


Fio.  2. — Cunreots  of  the  AtUntio  Ocean.    The  arrows  show  direction.    The  heayy 
lines  are  the  courses  of  two  derelicts,  drifted  by  currents  and  winds. 


O2  in  surface  water  of  the  North  Atlantic  to  be  5.9  c.c.  per  liter  during 
the  day  and  5^  at  night. 
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METHODS. 

The  opportunitdee  offered  permitted  of  continuous  obs^-vations  at 
two  stations,  stations  A  and  B,  figure  4  (east  and  west  of  Logg^- 
head  Key,  Dry  Tortugas),  more  or  lees  systematized  observations 
around  Tortugas  (fig.  4),  and  a  series  of  observations  on  board  between 
Tortugas  and  New  York  City  (fig.  3). 

The  nimiber  of  grams  of  chlorine  p^  kilogram  of  sea-water  (abbrevi- 
ated CI)  was  determined  by  titration  with  silver-nitrate  solution, 
using  potassium  chromate  as  indicator  and  standardising  the  whole 
method  with  sea-water  standardized  by  the  International  Commisrion. 
The  nimiber  of  cubic  centimeters  of 
Os  per  liter  was  determined  by  the 
Winkler  method.  The  self-closing 
water-bottle  was  not  adequate  for 
this  purpose,  but  some  observations 
were  made  on  water  drawn  up 
from  about  60  meters  through  glass 
and  rubber  tubing  attached  to  the 
wire  of  a  Lord  Kelvin  sounding-ma- 
chine, and  run  continuously  through 
the  analysis  bottle  before  reaching 
the  pump.  Twice  the  voliune  of  the 
tube  was  run  through  the  sample 
bottle  with  the  least  possible  suc- 
tion before  the  analysis  was  made. 
The  alkaline  reserve  was  recorded 
as  the  number  of  cubic  centimeters 
of  0.01  N  HCl  used  in  titrating 
100  c.c.  of  sea-water  while  boiling 
in  a  500  c.c.  Erlenmeyer  "nonsol" 
flask,  using  di-brom-o-cresol-sulf  on- 
phthalein  as  indicator,  \mtil  all  trace 
of  purple  color  had  disappeared. 
The  end-point  is  not  sharp,  but  is 
sharper  with  this  indicator  than 
with  any  other  yet  found.  The 
water  must  not  dry  on  sides  of 
flask.  The  pH  was  determined 
colorimetrically  (McClendon,1917), 
correction  being  made  for  CI.  The 
total  CO2  per  liter  was  determined 
from  the  alkaline  reserve  and  pH  by 
means  of  the  conversion  table. 


Fig.  3. — Oxygen  in  surface  water  taken  on 
voyage  from  Key  West  to  New  York.  The 
track  of  the  steamer  at  nii^t  is  marked  by 
heavy  black  lines.  The  numbers  denote  the 
cubic  centimeters  of  Os  per  liter  at  the  sta. 
tions  marked  ^. 
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Table  1  gives  the  total  C0|  for  alkaline  reserve  =  25. 

Tablb  1. 


UH. 

Total 
CO,. 

pH. 

Total 
CO,. 

pH. 
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e.2« 

43.«S 

8.36 

42.20 

N 

IK 

?7 

43. G 

» 

3A 

42.14 

fl 

lU 

44.7 

w 

2K 

43.36 

« 

37 

41.09 

H 

■fl) 

44.65 

H 

m 

43.19 

H 

.HK 

41.80 

H 

ai 

44.4 

B 

m 

43.04 

H 

30 

41.76 

W 

■22 

44.3 

« 

31 

42.60 

s 

40 

41.M 

M 

'« 

44.16 

N 

;« 

42.74 

W 

41 

41.46 

fl 

24 
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The  CO]  of  the  air  was  determined  colorimetrically  (McClendon, 
1917),  30  observations  showing  it  to  vary  from  2.8  to  3.5  parts  per 
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10,000.  A  new  aneroid  baroineter  was  used  and  the  mean  value  for 
2  months  was  taken  as  760.  A  thermometer  graduated  down  to  tenUis 
of  a  degree  was  standardised  by  the  United  States  Bureau  of  Standards 
and  the  other  th^mometers  compared  with  it.  A  recording  tha*- 
momet^  for  the  air  was  compared  with  the  mercury  thefmometer,  but 
the  fecords  were  not  found  to  be  of  much  value  in  relation  to  the  sea. 
Tortugas  is  about  on  the  heat  equaUn*  during  July.  T1i^«  was  a 
diurnal  variation  of  the  temperature  of  the  air  from  25^  at  dawn  to 
30^  at  1  p.  m.y  with  a  very  slight  upward  drift  during  July  and  with 
a  few  variations  due  to  storms.  All  time  records  are  in  local  apparent 
time.  The  weights  used  were  standardised  by  the  United  States 
Bureau  of  Standards  and  the  ^ass  i^paratus  and  solutions  stand- 
ardised by  weic^iing. 

AU  water  samples  that  could  not  be  examined  immediately  were 
preserved  in  large  flasks  of  resistance  ^ass  entirdy  full  of  the  sample 
and  were  examined  as  soon  as  possible.  Most  of  the  samples  tak^i  at 
night  were  titrated  by  artificial  light.  The  pH  was  in  such  cases  det^- 
mined  with  the  aid  of  a  '^daylite"  lamp,  but  the  results  were  not  very 
satisfactory. 

Samples  (for  pH)  taken  a  short  time  before  sunrise  were  kept  in 
nonsol  flasks  for  the  pH  to  be  determined  after  sunrise. 

The  COs  tension  at  30^  was  found  from  the  pH,  using  table  2.  The 
correction  for  other  temperatures  was  made  possible  by  the  fact  that 
a  change  of  1^  temperature  corresponds  to  0.01  pH.  The  imit  of  CO2 
tension  is  one  ten-thousandth  of  a  normal  atmosphere  (760  mm.  Hg) 
of  COj. 

Table  2. 


pU. 

CO, 

tension. 

pH. 

CO, 
tension. 

pH. 

CO, 
tension. 

8.20 
8.21 
8.22 
8.23 

8.24 
8.26 

3.4 

3.3 
3.2 
3.1 
3.0 
2.0 

8.26 
8.27 
8.28 
8.29 
8.30 
8.31 

2.8 
2.7 
2.7 
2.6 
2.6 
2.4 

8.32 
8.34 
8.36 
8.38 
8.40 

2.3 
2.2 
2.1 
2.0 
1.0 

The  sea-water  was  usually  supersaturated  or  undersaturated  with 
oxygen.  The  number  of  cubic  centimeters  of  Os  per  liter  at  saturation 
at  a  given  temperature  was  read  from  figure  5  and  the  excess  or  defi- 
ciency of  saturation  of  the  water  was  recorded.  Figure  5  com- 
pares favorably  with  the  results  of  Fox,  who  used  a  dififerent  method 
of  analysis.  Jacobsen's  formula  for  cubic  centimeters  O2  per  liter 
at  saturation  is  10.062-0.2822  t-0.006144  t^-O.OOOOOl  t^-0.1073 
01+ 0.003586  tCl- 0.000055  t*Cl.  t=  temperature  and  CI = grams 
chlorine  per  kilogram  of  sea-water. 
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The  determinations  for  constructing  this  curve  were  made  as  follows: 
A  wash-bottle  of  about  500  c.c.  capacity  was  supplied  with  about 
400  c.c.  of  sea-water  and  immersed  in  a  thermostat.  Moistened  out- 
door air  was  drawn  through  the  wash-bottle  by  means  of  a  suction- 
pimip  imtil  equilibrimn  was  established.  The  air  passed  through  a 
very  small  wash-bottle  of  sea-water  and  a  copper  coil  (both  inmiersed 
in  the  thermostat)  before  reaching  the  500  c.c.  wash-bottle.  The 
analyses  were  made  by  the  Winkler  method,  using  the  same  standards 
as  with  the  other  determinations,  a  correction  being  appUed  for  the 
average  gas-pressure  in  the  wash-bottle.  No  correction  was  made  for 
the  vapor  tension  of  water,  since  it  was  the  same  as  at  the  sea  surface 
everywhere. 
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Flo.  6.— Curve  of  eciuililnrium  of  Tortugas  sea-water  with  air  at  7d0  mm.  barometric  pressure; 
tlie  degreee  temperature  (18  to  36)  are  marked  on  the  abeoiBaa  and  the  number  of  oubio 
centimetera  of  oxygen  per  liter  of  sea-water  (5.3  to  4.0)  on  the  ordinate. 

CURRENTS. 

The  surface  currents  to  be  considered  are: 

(1)  The  Gulf  Stream,  which  parallels  the  Florida  Keys  and  then 
flows  toward  Cape  Hatteras  (but  only  those  observations  between  the 
latitudes  of  Miami,  Florida,  and  Wilmington,  North  CaroUna,  were 
in  the  axis  of  the  stream). 

(2)  The  countercurrent  in  shallow  water,  which  flows  from  Cape 
Hatteras,  along  the  shore,  imtil  it  reaches  the  Florida  Keys,  when  it 
flows  in  the  Hawk  Channel  (between  the  keys  and  the  outer  reef)  and 
passes  through  the  Tortugas  and  out  into  the  Gulf  of  Mexico. 
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(3)  Tlie  tidal  eunents.  In  the  r^on  ot  the  Florida  KejrB  the  ebb 
18  south  and  the  flow  north. 

At  Tortugas,  the  ebb  flows  throu|^  the  nortiiweBt  channel  and 
continues  out  throu|^  the  southeast  and  southwest  channels,  with 
a  maximuin  speed  ot  about  2  knots,  as  measured  by  Vau^ian  (1910, 
1914),  so  that  it  does  not  go  more  than  12  miles  before  returning,  and 
hence  does  not  reach  the  Gulf  Stream.  But  it  seems  probable  that  a 
consido^le  admixtiire  of  Gulf  Stream  water  finally  reaches  Tortugas. 

The  time  the  tide  turned,  starting  south  (hi^  water),  at  Tortugas  is 
given  in  table  3  for  July  1917. 

Tablb  3. 


Day. 

A.M. 

P.M. 

Day. 

Am  Jn. 

P.M. 

Day. 

A.M. 

P.M. 

1 

6MaF 

7V)7» 

12 

am- 

3^46* 

22 

10*35- 

11»»10- 

2 

602 

766 

13 

342 

460 

23 

11  12 

1140 

3 

063 

836 

14 

4  41 

604 

24 

1162 

4 

7  42 

0  16 

16 

638 

630 

26 

12  11 

12  41 

6 

832 

064 

16 

620 

746 

26 

12  38 

163 

6 

0  21 

10  34 

17 

7  18 

828 

27 

1  17 

325 

7 

10  14 

11  16 

18 

7  67 

006 

28 

2  16 

4  47 

8 

1106 

10 

843 

042 

20 

328 

6  61 

0 

12  01 

12  07 

20 

0  16 

10  16 

30 

4  41 

643 

10 

12  60 

1  14 

21 

060 

10  40 

31 

646 

726 

11 

143 
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RECORDS  OF  ALL  STATIONS  AND  OF  A  TANK  OF  SEA-WATER. 

Table  4  gives  the  determinations  of  the  surface  water  at  station  A 
(fig.  4)  on  the  eastern  side  of  Loggertiead  Key  for  the  month  of  July 
1917,  and  table  5  gives  similar  data  of  a  tank  of  sea-water  4  by  6  by  4 
feet  for  July  23-24.  The  unit  of  COs  tension  is  one  ten-thousandth  of 
a  normal  atmosphere  of  COs  (760  mm.  Hg). 

Tablb  4,  Station  A. 


o. 

Date. 

Time  of 
day. 

Temp. 

pH. 

Total 
CO,. 

CO, 
tennon. 

o, 

per  liter. 

■aturatioii, 

exoesB  or 

defioienoy. 

July     2.. 

6N)0»p.  m. 

28.0 

8.26 

43.66 

2.6 

5.35 

+0.81 

3.. 

830  a.  m. 

26.7 

8.18 

44.9 

3.3 

4.5 

-0.15 

3.. 

4  30  p.m. 

28.0 

8.26 

43.66 

2.6 

5.35 

+0.81 

4.. 

6  30  a.  m. 

27.6 

8.20 

44.66 

3.2 

4.52 

-0.06 

4.. 

5  30  p.  m . 

28.5 

8.26 

43.66 

2.6 

5.7 

+1.20 

6.. 

6  30  a.  m. 

27.8 

8.22 

44.30 

8.0 

4.52 

-0.04 

6.. 

6  10  p.  m. 

28.6 

8.25 

43.80 

2.8 

4.00 

+1.00 

6.. 

6  30  a.m. 

27.« 

8.20 

44.65 

8.2 

4.65 

0.00 

6.. 

6  30  p.  m . 

28.8 

8.25 

43.80 

2.8 

5.35 

+0.87 

7.. 

6  30  a.  m. 

27.7 

8.19 

44.70 

3.3 

4.44 

-0.13 

7.. 

5  80  p.  m. 

28.8 

8.26 

43.80 

2.8 

5.86 

+0.87 

8.. 

6  80  a.  m . 

27.6 

8.20 

44.65 

8.2 

4.8 

-0.25 

8.. 

5  30  p.m. 

29.0 

8.27 

43.6 

2.6 

6.1 

+1.64 
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Table  4,  Station  A — Continued. 


o. 

Date. 

Time  of 
day. 

Temp. 

pH. 

Total 
CX)t. 

OO, 
tension. 

0, 

per  liter. 

■aturation, 

ezoeosor 

deficiency. 

July    9.. 

6^d0"a.m. 

28.1 

8.20 

44.55 

3.2 

4.26 

-0.27 

9.. 

6  00  p.  m . 

29.1 

8.28 

43.34 

2.6 

5.97 

+1.52 

10.. 

5  30  a.  m . 

28.2 

8.20 

44.55 

3.2 

3.96 

-0.57a 

10.. 

6  30  a.  m . 

28.4 

•  •  •   • 

•   •  • 

4.21 

-0.30a 

10.. 

8  30  a.  m . 

28.8 

•  •  •   • 

•   •  • 

4.47 

-O.Ola 

10.. 

10  00  a.  m . 

29.2 

•   •  •  • 

•   •   • 

4.90 

+0.45a 

10.. 

11  00  a.  m. 

29.6 

8.25 

43!8 

2.9 

5.2 

+0.79a 

10.. 

12  00  noon. 

29.5 

8.25 

43.8 

2.9 

5.2 

+0.78 

10.. 

1»»30^.  m . 

29.7 

8.26 

43.65 

2.8 

5.2 

+0.80a 

10.. 

3  15  p.  m. 

30.0 

8.26 

43.65 

2.8 

5.6 

+1.22a 

10.. 

4  15  p.  m. 

30.2 

8.27 

43.50 

2.7 

5.8 

+1.44a 

10.. 

5  15  p.  m . 

29.5 

8.27 

43.50 

2.7 

5.5 

+1.06a 

10.. 

6  15  p.  m . 

29.0 

8.26 

43.65 

2.7 

5.43 

+p.97a 

10.. 

7  00  p.  m. 

28.8 

8.26 

43.65 

2.7 

5.13 

+0.65a 

10.. 

9  00  p.m. 

28.3 

•  •  •   • 

•  •  • 

4.52 

0.005 

11.. 

2  50  a.  m. 

28.1 

•   •  •   • 

•   •   • 

4.25 

-0.28 

11.. 

5  50  a.  m. 

28.0 

8.22 

44!3 

3.0 

4.13 

-0.41 

11.. 

6  30  a.  m . 

28.2 

•   ■  •  • 

•  •  • 

4.20 

-0.32 

11.. 

2  10  p.  m . 

30.0 

8.26 

43!65 

2.8 

5.2 

+0.82 

11.. 

4  30  p.  m. 

29.5 

8.26 

43.65 

2.8 

5.3 

+0.88 

12.. 

6  45  a.  m . 

28.6 

8.23 

44.15 

3.0 

4.35 

-0.14 

12.. 

12  15  p.  m . 

30.5 

8.25 

43.8 

2.9 

5.3 

+0.96 

12.. 

4  00  p.  m . 

30.5 

8.27 

43.5 

2.7 

5.3 

+0.96 

12.. 

5  00  p.  m . 

30.2 

8.27 

43.5 

2.7 

4.97 

+0.61 

13.. 

6  30  a.  m . 

28.1 

8.18 

44.9 

3.4 

4.12 

-0.88c 

13.. 

12  30  p.  m. 

29.5 

8.25 

43.8 

2.9 

4.85 

+0.43e 

13.. 

5  20  p.  m . 

29.7 

8.26 

43.65 

2.8 

4.85 

+0.45C 

14.. 

5  45  a.  m . 

28.3 

8.20 

44.55 

3.2 

4.5 

-0.02c 

14.. 

4  00  p.  m . 

29.5 

8.26 

43.65 

2.8 

4.73 

+0.31C 

15.. 

6  00  a.  m . 

28.2 

8.21 

44.4 

3.1 

4.14 

-0.39c 

16.. 

4  20  p.  m. 

29.8 

8.28 

43.34 

2.6 

4.5 

+0.10C 

16.. 

6  45  a.  m. 

28.0 

8.21 

44.4 

3.1 

4.4 

-0.14c 

16.. 

4  15  p.  m . 

29.8 

8.27 

43.5 

2.7 

4.84 

+0.44C 

17.. 

6  25  a.  m . 

28.0 

8.20 

44.55 

3.2 

4.33 

-0.23 

17.. 

4  55  p.  m. 

30.1 

8.27 

43.5 

2.7 

5.00 

+0.63 

18.. 

6  00  a.  m . 

28.0 

8.20 

44.55 

3.2 

4.28 

-0.26 

18.. 

4  00  p.  m . 

30.0 

8.25 

43.8 

2.9 

4.85 

+0.47 

19.. 

5  20  a.  m. 

28.1 

8.21 

44.40 

3.1 

4.30 

-0.23 

19.. 

4  05  p.  m . 

29.4 

8.24 

44.00 

3.0 

4.62 

+0.19 

19.. 

4  30  p.  m . 

29.3 

8.24 

44.00 

3.0 

4.84 

+0.44 

19.. 

5  00  p.  m . 

29.3 

•   •  •   • 

•  •  • 

4.93 

+0.49 

19.. 

5  40  p.  m . 

29.7 

•   •  •   • 

•   •  ■ 

4.87 

+0.43 

19.. 

6  05  p.  m . 

29.9 

•   •  •   • 

•   ■  • 

4.97 

+0.58 

19.. 

6  30  p.m. 

29.7 

•   ■   •  • 

•   ■  • 

4.84 

+0.44 

19.. 

6  45  p.  m. 

29.4 

■   •   •   ■ 

•   •  • 

4.89 

+0.42 

19.. 

9  35  p.  m. 

28.6 

8.22 

44.30 

3.1 

4.45 

-0.04 

20.. 

6  15  a.  m . 

28.0 

8.21 

44.4 

3.1 

4.35 

-0.19 

20.. 

6  20  a.  m . 

27.9 

•   •   •   • 

•   ■  • 

4.40 

-0.15 

20.. 

6  55  a»m. 

28.0 

■   •   •   • 

•  ■   • 

4.37 

-0.17 

20.. 

8  25  a.  m . 

28.4 

8.22 

44.30 

3.0 

4.58 

+0.07 

20.. 

9  25  a.  m . 

28.6 

•   t  •  • 

•   •   • 

4.67 

+0.18 

20.. 

10  30  a.m. 

28.9 

•  •   •   • 

•    •   • 

4.58 

+0.11 

20.. 

11  30  a.  m. 

29.0 

8.22 

44.30 

3.1 

4.73 

+0.27 

20.. 

12  15  p.  m. 

29.2 

•   •  •   • 

■   •  • 

4.70 

+0.25 

20.. 

2  00  p.  m . 

28.9 

8.22 

44!36 

3.1 

4.70 

+0.23 

20.. 

3  30  p.m. 

28.7 

8.22 

44.30 

3.1 

4.70 

+0.22 

20.. 

6  10  p.  m. 

29.8 

8.24 

44.00 

2.9 

4.70 

+0.22 

21.. 

5  45  a.  m . 

28.0 

•  •  •   • 

•   •  • 

3.94 

-0.60d 

a  Unusually  calm.        6  Sudden  squall.        c  Rough  weather.        <i Squall. 
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Tablb  4,  Station  A — Contiiiued. 


o. 

Date. 

Time  of 
<Uy. 

Tamp. 

pH. 

Total 

CO, 
tflonon. 

0, 
per  liter. 

■aturataoD, 

exeeMor 

de6oieii^. 

July  21.. 

6^30^».m. 

27.9 

8.20 

44.55 

3.0 

4.12 

-0.43 

21.. 

9  30  a.  m. 

28.2 

8.20 

44.55 

3.2 

4.50 

-0.03 

21.. 

11  40  a.  m. 

28.7 

•   •   •   • 

«   •  • 

4.63 

-M).15 

21.. 

2  36  p.  m . 

29.4 

8.22 

44!36 

3.2 

4.63 

+0.20 

21.. 

4  30  p.  m . 

29.1 

8.22 

44.30 

3.1 

4.61 

+0.16 

21.. 

6  20  p.  m . 

29.2 

8.23 

44.15 

3.0 

4.77 

+0.33 

22.. 

5  20  a.  m. 

28.2 

8.22 

44.30 

3.0 

4.13 

-0.89 

22.. 

9  15  a.  m . 

28.6 

•   •   •   ■ 

•   •   •   •   • 

•   «  • 

4.55 

+0.06 

22.. 

2  80  p.  m . 

29.6 

8.25 

43.80 

2.9 

4.76 

+0.35 

22.. 

4  30  p.  m . 

29.2 

8.25 

43.80 

3.0 

4.68 

+0.23 

22.. 

6  15  p.  m . 

29.0 

8.23 

44.15 

3.0 

4.60 

+0.14 

22.. 

9  30  p.  m . 

28.7 

•   •   *   • 

•   •   • 

4.32 

-0.16 

23.. 

5  40  a.  m. 

28.2 

8.20 

44.55 

3.2 

4.07 

-0.45 

23.. 

6  45  a.  m. 

28.2 

•   •   •   • 

•   •   • 

4.15 

-0.87 

23.. 

845  a.  m. 

28.7 

8.21 

44!4b 

3.2 

4.62 

+0.18 

23.. 

10  45  a.  m. 

29.3 

8.24 

44.00 

2.9 

4.76 

+0.32 

23.. 

12  10  p.  m . 

29.9 

•    •   •    • 

•   •   • 

4.77 

+0.38 

23.. 

2  10  p.m. 

29.8 

8.26 

43.80 

2.9 

4.87 

+0.47 

23.. 

8  55  p.  m . 

29.5 

8.25 

43.80 

2.9 

4.81 

+0.39 

23.. 

5  45  p.  m . 

29.2 

8.23 

44.15 

3.0 

4.72 

+0.27 

23.. 

7  10  p.  m . 

28.9 

•   •   •   • 

•   •  • 

4.55 

+0.08 

23.. 

9  10  p.  m . 

28.7 

8.21 

44^4 

3.2 

4.30 

-0.17 

24.. 

2  30  a.  m. 

28.5 

8.21 

44.40 

3.2 

4.15 

-0.35 

24.. 

4  50  a.  m . 

28.3 

8.20 

44.55 

3.2 

4.10 

-0.42 

24.. 

5  40  a.  m . 

28.3 

8.20 

44.55 

3.2 

4.15 

-0.37 

24.. 

7  35  a.  m. 

28.5 

8.22 

44.30 

3.1 

4.31 

-0.19 

24.. 

12  40  p.  m . 

29.8 

8.25 

43.80 

2.9 

4.88 

+0.48 

24.. 

3  30  p.  m . 

30.4 

8.24 

44.00 

3.0 

4.77 

+0.42 

24.. 

4  45  p.  m . 

29.9 

8.23 

44.15 

3.1 

4.76 

+0.37 

26.. 

5  30  a.  m. 

28.6 

8.21 

44.4 

3.3 

4.04 

-0.45 

25.. 

10  00  a.  m . 

29.0 

8.22 

44.3 

3.3 

4.60 

+0.14 

25.. 

11  30  a.  m. 

29.6 

8.26 

43.65 

2.8 

4.72 

+0.31 

26.. 

12  15  p.  m . 

29.8 

8.26 

43.65 

2.8 

4.72 

+0.32 

26.. 

2  35  p.  m. 

30.6 

8.26 

43.65 

2.9 

4.87 

+0.54 

25.. 

4  20  p.  m . 

30.3 

8.26 

43.65 

2.8 

5.29 

+0.93 

26.. 

6  15  a.  m . 

28.5 

8.22 

44.30 

3.3 

4.22 

-0.28 

26.. 

12  40  p.  m . 

29.4 

8.24 

44.00 

3.1 

4.86 

+0.43 

26.. 

4  15  p.  m. 

29.8 

8.20 

43.80 

2.9 

4.82 

+0.42 

27.. 

6  40  a.  m . 

28.3 

8.20 

44.55 

3.5 

3.82 

-0.70 

27.. 

1  40  p.  m . 

30.5 

8.25 

43.80 

3.0 

5.26 

+0.92 

27.. 

3  50  p.  m . 

30.7 

8.25 

43.80 

3.0 

5.06 

+0.73 

28.. 

6  15  a.  m. 

28.5 

8.20 

44.55 

3.6 

4.10 

-0.40 

28.. 

1  30  p.  m . 

30.5 

8.26 

43.65 

2.8 

5.10 

+0.76 

28.. 

2  50  p.  m . 

30.5 

8.26 

43.65 

2.8 

5.20 

+0.86 

28.. 

5  45  p.  m . 

30.2 

8.27 

43.50 

2.7 

4.78 

+0.42 

29.. 

6  30  a.  m . 

28.7 

8.22 

44.30 

3.3 

4.18 

-0.30 

30.. 

5  30  a.  m . 

28.8 

•   •    •    • 

•    •   • 

4.42 

-0.06 
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Table  5,  Tank. 


CX)t 

' 

0, 

Date. 

Time 
of  day. 

tension 
of  air. 

Temp. 

pH. 

Total 
CX)t. 

CO, 
tension. 

Osper 
liter. 

saturation, 

excess  or 

deficiency. 

July  23.... 

^40F^  m. 

2.8 

28.0 

8.18 

44.9 

3.4 

3.11 

-1.14 

23.... 

6  45  a.  m . 

•   •   • 

28.5 

•   •   ■   • 

■   •  •   • 

■   •   • 

3.43 

-1.07 

23.... 

8  45  a.  m. 

2.8 

29.2 

8.19 

44.7 

3.4 

3.71 

-0.73 

23.... 

10  45  a.  m. 

2.8 

30.0 

8.21 

44.4 

3.3 

4.08 

-0.30 

28.... 

12  10  p.  m. 

■   •  • 

32.5 

8.21 

44.4 

3.5 

4.50 

+0.31 

23.... 

2  10  p.  m. 

2.8 

34.5 

8.24 

44.0 

3.4 

5.01 

+0.97 

23.... 

3  56  p.  m. 

2.8 

35.2 

8.26 

43.7 

3.3 

5.25 

+1.25 

23.... 

5  45  p.  m. 

2.0 

35.1 

8.25 

43.8 

3.4 

5.30 

+1.30 

23.... 

7  10  p.  m. 

•   •   • 

33.8 

■   •  •   • 

•   •  •   • 

•   •   •   • 

5.07 

+0.98 

23.... 

0  10  p.  m. 

•   •   • 

32.5 

8.22 

44.3 

3.4 

4.76 

-0.57 

24.... 

2  30  a.  m. 

•   •   • 

29.7 

8.21 

44.4 

3.3 

4.36 

-0.08 

24.... 

4  50  a.  m. 

•   •   • 

28.6 

8.20 

44.6 

3.3 

3.30 

-0.19 

24.... 

5  40  a.  m. 

•   •   • 

28.5 

8.18 

44.9 

3.5 

3.26 

-0.24 

24.... 

7  35  a.  m . 

■   fl   • 

28.7 

8.20 

44.6 

3.3 

3.48 

-1.00 

Table  6  shows  the  determinations  at  stations  B  to  P  as  located  in 
figure  4. 


Table  6. 


Sta- 
tion. 


B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
C 
D 
E 
F 
F 
F 
G 
G 
H 
I 
J 
K 
L 
M 
N 
O 
K) 
P 


Day  of 
month. 


July  25.... 

2d.  ... 

25.... 
25. . . . 
25.... 
26. . . . 
26.... 
26.... 
27.... 
27.... 

27 

28 
28 

mr^mW  •   •   •   • 

mt^9  •   •   •   • 

28.... 
28.... 
29.... 
30. . . . 

mt^9  •   •   ■   • 

28 

^O • •  •  • 

28 

28 

29.... 

28 

28.... 

28.... 

28 

28 

28 

m/^9  •  •  •  • 
mt^^  •   •   •   • 

25.... 

Xo. ... 
lo. .  .  . 

20. . . . 
20.... 


Hour. 


lOKXFa.  m 
11  30  a.  m 


12  15 
235 
420 
6  15 

12  40 

4  15 
640 
140 
350 
6  15 
1  30 
250 
330 
545 
630 
530 
330 
330 

3  10 
10  35 

340 
10  35 
900 
400 
420 
440 
455 

5  10 
522 
530 

4  10 
12  30 
12  30 

400 
400 


p.  m 
p.  m 
p.  m 
a.  m 
p.  m 


p. 

a. 

p. 
p. 
a. 

p. 
p. 
p. 
p. 
a. 


m 
m 
m 
m 
m 
m 
m 
m 
m 
m 


a.  m 
p.  m 
p.  m 
p.  m 
a.  m 
p.  m 
a.  m 
a.  m 
p.  m 


p. 
p. 
p. 
p. 
p. 
p. 
p. 
p. 
p. 
p. 
p. 


m 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 


Temp. 


pH. 


28.9 
29.4 
29.6 
30.2 
30.0 
28.5 
29.4 
29.9 
28.2 
30.0 
30.6 
28.5 
29.9 
30.2 
30.5 
30.8 
28.6 
28.6 
30.5 
30.2 
29.3 

■   •   •   • 

29.3 


31.3 
34.6 
29.4 
29.5 
29.3 
29.5 
29.9 
29.7 
28.5 
26.0 
30.0 


8.22 
8.26 
8.27 
8.31 
8.33 
8.20 
8.25 
8.34 
8.18 
8.32 
8.35 
8.19 
8.32 
8.32 
8.32 
8.31 
8.22 

•   t   •   ■ 

8.32 
8.27 
8.24 
8.23 
8.24 
8.22 
8.20 
8.32 
8.43 
8.23 
8.24 
8.24 
8.25 
8.25 
8.30 
8.22 
8.18 
8.24 
8.24 


Total 
CX),. 


44.30 
43.65 
43.50 
42.89 
42.59 
44.55 
43.80 
42.44 
44.90 
42.74 
42.29 
44.70 
42.74 
42.74 
42.74 
42.89 
44.30 

42!74 
43  50 
44.00 
44.15 
44.00 
44.30 
44.55 
42.74 
41.15 
44.15 
44.00 
44.00 
43.80 
43.80 
43.04 
44.30 
44.90 
44.00 
44.00 


CX)t 
tension. 


Oxygen 

per 

liter. 


3.3 
2.7 
2.7 
2.5 
2.2 
3.3 
2.9 
2.2 
3.4 
2.3 
2.2 
3.4 
2.3 
2.3 
2.4 
2.5 
3.1 

•  •   • 

2.4 
2.7 
2.9 

•  •   • 

2.9 


2.4 
2.0 
3.0 
3.0 
2.9 
2.9 
2.9 
2.5 
3.1 
3.2 
3.0 


4.26 

5.37 

5.51 

6.46 

6.29 

3.58 

4.91 

6.10 

3.33 

6.55 

6.81 

3.89 

6.18 

6.16 

6.28 

5.55 

3.87 

3.59 

6.28 

5.43 

4.53 

4.58 

4.46 

4.37 

4.05 

6.28 

6.81 

4.51 

4.84 

4.63 

4.72 

5.07 

5.45 

4.5 

•   •   •   • 

4.54 
4.51 


Oi 

saturation, 

excess  or 

deficiency. 


-0.21 

+0.94 

+1.1 

+2.10 

+1.91 

-0.92 

+0.48 

+1.71 

-0.19 

+1.73 

+1.47 

-0.61 

+1.79 

+1.80 

+1.94 

+1.23 

-0.62 

-0.90 

+1.94 

+1.07 

+0.09 

+6.02 


+2.00 
+2.77 
+0.08 
+0.42 
+0.19 
+0.30 
+0.68 
+1.05 
0.00 

+6.16 


^Water  collected  at  50  meters  depth.        'Water  collected  at  65  meters  depth. 
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Papers  from  the  Depmtment  cf  Marine  Bidogff. 


Id  table  7  are  given  the  detenninatuHtt  made  on  board,  during  the 
return  bom  Tortugas  to  New  Yoric,  together  with  the  latitude  and 
longitude  of  the  stations. 


Tablc  7. 


1 

1        Time 
of  day. 

dyveo      CI 

All». 

CO, 

Date. 

Lftt.      !     Loog. 

TenqK 

pH. 

P«r 

per     tinere- 
kilo.     nrre. 

• 

July  30 

24»3«'N 

82^48'W. 

UNW^a.  m. 

29.0 

8.21 

4.48 

•  •  • 

•  •  • 

24  36N. 

KJ41  W. 

10  00  a.  m. 

29.6 

8.21 

4.69 

24  36N. 

82  36W. 

11  00  a.  m. 

28.2 

8.21 

4.80 

24  36N. 

82  34W. 

11  10  a.m. 

27.7 

8.31 

4.80 

24  34N. 

82  28W. 

12  noon. 

29.6 

8.21 

4.77 

24  33N 

82  21  W. 

IHW^.  m. 

29.3 

8.21 

4.76 

24  33N. 

82  07W. 

4  00  p.  m. 

36.4 

8.46 

6.00 

24  33N. 

82  08W. 

4  10  p.  m. 

34.6 

8.46 

6.00^ 

24  30N. 

82  00W. 

5  00  p.  m. 

30.6 

8.21 

4.70 

24  30N. 

81  MW. 

5  46  p.  m. 

31.6 

8.23 

4.60 

July  31.. 

24  33  N. 

8148W. 

5  00  a.  m. 

30.6 

8.21 

3.96> 

24  33N 

8148W. 

12  40  p.  m. 

31.7 

8.20 

3.93 

1  24  33  N. 

8148W. 

3  30  p.  m. 

31.2 

8.21 

4.82 

24  20N. 

8130W. 

0  30  p.  m. 

29.3 

8.22 

4.73 

Auir.    1.. 

26  ION. 

79  40W. 

5  26  a.  m. 

29.2 

8.21 

4.68 

28  26N. 

79  20W. 

3  00  p.  m . 

29.8 

8.21 

4.6 

9.« 

\       25 

3.3 

Aug.    2.. 

31  13  N. 

78  30W. 

6  20  a.  m. 

28.8 

8.21 

4.47 

19.fi 

1       25 

8.2 

33  40N. 

77  00W. 

3  00  p.  m . 

28.8 

8.21 

4.47 

19. fl 

\       26 

3.2 

Aug.   3.. 

35  32  N 

76  04W. 

6  00  a.  m. 

21.0 

8.10 

6.45 

17.« 

;     22 

3.6 

36  18N. 

76  20W. 

10  30  a.  m. 

25.4 

8.19 

5.26 

17.1 

22 

3.0 

36  35N. 

75  22W. 

12  noon. 

26.2 

8.19 

•   •   •   • 

•  •  •   • 

•  •  ■  • 

3.0 

36  52N. 

75  22W. 

l*»30*p.  m. 

24.6 

8.19 

6.36 

16.7 

22 

3.0 

37  09N. 

76  20W. 

3  00  p.  m. 

24.2 

8.18 

6.46 

17.0 

)       22 

3.0 

37  32N. 

76  16W. 

6  00  p.  m. 

23.4 

8.16 

6.26 

17.4 

22 

3.1 

38  25N. 

74  40W. 

9  00  p.  m. 

23.6 

•   •  •  • 

6.14 

17.2 

•  •  •  • 

•  •  ■ 

Aug.   4. . 

40  UN. 

73  66W. 

4  66  a.  m. 

23.0 

8.23 

5.25 

16.5 

22 

2.6 

40  14  N. 

73  66W. 

6  30  a.  m. 

22.6 

8.22 

•   •  •   • 

16.5 

•  •  ■  ■ 

2.6 

40  26N. 

73  MW. 

7  30  a.  m. 

21.5 

8.04 

•  •  •  • 

•   •  •  • 

•  •  •  • 

4.2 

40  29N. 

73  66W. 

7  43  a.  m. 

19.3 

8.88 

•   •  •  • 

15.4 

21.5 

4.5 

'Iruiide  Ml 

irquesas  Lago< 

>n. 

f 

Key  Wet 

It. 

In  figure  3  the  stations  from  Key  West  to  New  York  are  marked  by 
crosses  and  the  appended  numbers  indicate  the  number  of  cubic  centi- 
meters of  O2  per  liter.  The  track  of  the  steamer  during  the  night  is 
marked  by  a  black  line  and  the  track  during  the  day  is  unmarked. 
Since  the  steamer  had  a  speed  through  the  water  of  about  12  knots, 
actual  diurnal  variations  could  not  be  determined.  If,  however,  we 
assume  that  the  Gulf  Stream  arises  from  a  source  of  uniform  composi- 
tion, those  observations  in  the  axis  of  the  stream  should  ehow  the  diur- 
nal variations,  except  for  the  modifications  due  to  local  meteorological 
differences.  Although  Trichosphcsrium  and  other  phytoplankton  were 
present,  and  photosynthesis  can  occur  at  all  depths  lees  than  300 
meters  (light  penetrating  1,000  meters),  no  marked  or  certain  increase 
in  O2  in  the  sunshine  was  noted.  At  5^20°^  a.  m.  August  2  there  were 
4.47  c.c.  O2  per  liter  and  at  3  p.  m.  August  1  there  was  4.50  c.c;  but 
no  other  pair  of  observations  in  the  Gulf  Stream  shows  a  greater  Os 
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content  in  the  afternoon  than  in  the  morning.  Since  oxygen  is  un- 
doubtedly produced  by  these  plants  in  the  sunshine,  the  failure  to 
observe  an  accumulation  during  the  day  probably  lies  in  the  fact  that 
the  temperature  of  the  water  rises  about  1^,  thus  reducing  the  absorp- 
tion coefficient  for  0|  by  0.08  c.c.  per  liter  and  causing  a  passage  of 
O2  into  the  air.  In  contrast  to  this  behavior  of  deep  water,  the  0|  con- 
centration of  the  shallow  water  of  Tortugas  varied  from  3  to  4.5  at 
about  dawn  to  4.5  to  7.0  at  3  p.  m.,  the  average  maximum  being  shown 
in  figure  4  opposite  the  station  letters. 

DISCUSSION. 

Determinations  [of  the  pH  from  certain  North  Atlantic  stations, 
table  8,  made  by  Palitzsch  (1912  b)  compare  favorably  with  those  I 
have  made  in  the  Gulf  Stream  and  in  the  deep  water  near  Tortugas. 


Table  8. 


Sta.  80. 

Sta.  81. 

Sta.  84. 

Sta.  87. 

Sta.  91. 

Sta.  96. 

Sta.  97. 

StA.  230. 

Depth, 
meters. 

46* 17'  N. 

41*  32'  N. 

39*  22'  N. 

37*  03'  N. 

35*  53'  N. 

35*  48'  N. 

35*50'N. 

35*  57'  N. 

7«»  31'  W. 

9*  32'  W. 

9*  23'  W. 

9*  16'  W. 

7*  26'  W. 

5*  58'  W . 

5*59'W. 

6*00'W. 

7  to  11  p.m. 

4  to  6  p.m. 

3  to  5  pan. 

1  to  5  p.m. 

3  to  7  p.m. 

9  to  11a.m. 

1  p.m. 

11  a.m. 

Jmie. 

June. 

June. 

June. 

Jime. 

June. 

June. 

September. 

pH, 

pH, 

pH. 

pH, 

pH. 

pH, 

pH. 

pH, 

0.. 

8.20 

8.22 

8.22 

8.26 

8.24 

8.20 

8.24 

8.24 

10.. 

•   •  •   • 

•   •   •   • 

8.13 

■   •   ■   • 

•  •  •  ■ 

•  •  •  • 

•   •  •  • 

25.. 

•   •  •   • 

•   •  ■   • 

8.08 

8.20 

•  ■   ■   ■ 

•  •  •  • 

•  •  •  • 

50.. 

76.. 

100.. 

•  •   •   ■ 

8.18 

•   •  •  • 

8.18 

•    •    a    • 

8.20 

a    •    •    • 

8.08 

■   •  •   • 

8.13 

■  •  •  • 

8.13 

•   •  •  • 

8.13 

8120 

•    •    •    • 

8.20 

■  •  ■  • 
•  •  •  • 

150.. 

•   •  ■   • 

•  •  •  • 

•   •  •  • 

•  ■  •  • 

8.15 

8.15 

200.. 

8.08 

•   •  •  • 

8.10 

8.08 

slid 

8.13 

8.13 

300.. 

•   •  •   • 

•  •   ■   • 

•    •   •    • 

•  •  •  • 

8.10 

•   •  •  « 

400.. 

8.06 

8.04 

•   •   •   • 

8.04 

8.06 

500.. 

■   •  •  • 

•   ■   •  • 

•   •   •   ■ 

•  •   ■   ■ 

•  •  ■  • 

600.. 

•   •  •  • 

•   •   •   • 

8.06 

7.98 

8.07 

700.. 

•   •   •   • 

•   •  •   • 

•  •  •   • 

•  •  •   ■ 

800.. 

8.04 

8.01 

8.04 

7.95 

900.. 

«   •  •   • 

•   •  •   • 

•   •   •  • 

•  •  •   • 

1,000.. 

8.01 

8.01 

8.01 

7.98 

1,200.. 

7.98 

7.98 

8.01 

8.01 

1,500.. 

7.95 

7.95 

8.06 

•   •   •  ■ 

2,000.. 

7.95 

7.95 

•  ■   •  • 

•  •  •   • 

There  is  no  increased  amount  of  phjrtoplankton  at  Tortugas,  but 
attached  seaweed  and  symbiotic  algee  and  diatoms  at  the  bottom  cause 
the  great  diurnal  change  in  Os  concentration.  On  coral  reefs  the  sym- 
biotic algsB  of  corals  and  actinians  are  very  effective,  and  in  lagoons 
or  other  water  which  is  not  too  agitated  the  symbiotic  algse  of  two 
species  of  the  bottom  medusa  Cassiopea  are  a  significant  factor.  One 
Cassiopea  xamachana  (11  cm.  in  diameter,  weighing  about  117  grams) 
in  the  sunlight  gave  out  1.9  c.c.  O2  per  hour,  whereas  in  the  dark  it 
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absorbed  2.8  c.c.  per  hour,  showing  that  4.7  c.c.  per  hour  was  produced 
by  photosynthesis,  at  30^.  In  other  words,  the  0%  given  out  in  the  day 
is  about  two-thirds  the  amount  used  at  ni{^t. 

The  production  of  oxygen  by  plants  by  photosynthesis  depends  on  a 
number  of  factors.  The  data  found  in  the  literatiure  are  all  in  terms  of 
leaf  surface  and  not  volume  or  weight.  Haberlandt  foimd  the  capacity 
of  the  chloroplasts  of  different  plants  to  be  about  the  same — t.  e.,  the 
rate  of  photosynthesis  per  unit  area  depended  on  the  number  of  chloro- 
plasts per  unit  area,  as  shown  in  table  9. 

Tab  LB  9. 


Plant. 

Photosjrn- 

per  unit 
area. 

Chloro- 
plafts 

periinit 
area. 

Tit>p0olum  majus. . . 
Phateohis  multiflonis. 
Riranus  oommunis. . . 
Helianthui  annuus . . . 

100 
72 

118.5 
124.5 

100 

64 

130 

122 

With  the  same  plant,  photosjmthesis  depends  on  temperature,  light, 
and  COs  supply,  and  a  lowering  of  any  one  of  these  factors  may  make  it 
the  limiting  factor  (law  of  minimum) .  Blackman  showed  that  photo- 
synthesis is  about  doubled  by  a  rise  of  10^  in  temperature.  He  showed 
this  to  be  true  of  temperatures  as  high  as  45^,  provided  the  rate  immedi- 
ately after  raising  the  temperature  was  calculated.  With  injurious 
temperatures  the  rate  constantly  falls,  and  the  initial  rate  was  estimated 
by  extrapolation  of  the  time  curve. 

Blackman  and  Smith,  working  on  fresh-water  plants,  showed  that 
photosjmthesis  is  about  doubled  by  a  rise  of  10^  in  temperature  and 
varies  directly  with  COi  tension  in  the  water  and  illumination.  Their 
maximal  values,  reduced  to  30*^,  were  about  as  follows,  in  cubic  centi- 
meters COi  per  square  centimeter  per  hour:  Fontinalia  0.149,  Elodea 
0.093,  CeratophyUum  0.245. 

Most  of  the  determinations  were  made  with  Elodea  and  some  leaves 
overlapped,  so  that  the  average  thickness  was  a  little  more  than  that 
of  one  leaf.  If  we  assume  a  thickness  of  0.1  mm.  and  a  specific  gravity 
of  unity,  9,300  c.c.  of  CO2  per  kilogram  per  hour  were  consumed  in 
photosynthesis  (about  10  per  cent  of  this  was  re-formed  by  respiration 
of  the  plant  during  the  day  and  the  same  amount  during  the  night,  so 
that  perhaps 9,000  c.c.  was  converted  into  oxygen  for  the  use  of  animals) . 
This  is  a  maximum  value  and  would  be  reduced  in  case  of  marine  plants 
by  decrease  in  light  due  to  clouds,  inclination  of  the  sun,  and  absorption 
by  the  water.  A  very  rapid  use  of  CO2  by  seaweed  causes  a  crust  of 
CaCOs  to  form  on  the  surface,  thus  keeping  out  light  and  CO2. 
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The  number  of  cubic  centimeters  of  O2  used  per  hour  per  kilogram  by 
various  groups  of  animals  is  shown  in  table  10  (Krogh's  average  of 
various  species  at  20^,  and  Montuori's  at  25^  as  compared  with  my 
determinations  and  calculations  at  30^). 


Table  10. 


Group. 

20" 

25" 

30° 

Group. 

20* 

25* 

30* 

Jdly-fish 

6 
13 

■  •  • 

83 

■  •  • 

•  •  • 

•  •  • 

53 

•   •  • 

30 
35 
31 
19 
14 

(12-75) 
26,  in  the  dark. 
(42) 
(50-166) 
(44) 
(27) 
(20) 

Cephalopoda 

Other  moUuflka. . 

Oustaoea 

Tunicatee 

Amphioxus 

Fiah 

115 

58 

125 

7 

»   •  • 

110 
92 

179 
28 

134 
13 

123 

177 

•   •  • 

(230-253) 

(40-136) 

(190-250) 

(14-18) 

(174) 

590  (220-250) 

(184) 

Caasiopea 

Anthoioa 

Worms 

Starfiah 

Sea-urchins 

Sea-oucumbers .... 

Reptiles 

The  discrepancies  are  due  to  differences  in  size,  activity,  and  species. 
The  calculations  (in  parentheses)  were  made  on  the  assumption  that 
the  respiration  at  30^  is  double  that  at  20^  and  1.414  times  that  at 
25^.  A  kilogram  of  the  small  fish  I  studied  would  use  up  all  of  the 
O2  in  3,600  liters  of  the  sea-water  of  the  Gulf  Stream  in  24  hours.  The 
respiration  of  the  very  active  animals  studied  by  others  is  about  half  as 
rapid  and  there  is  great  variation  with  the  species  in  sluggish  animals. 

With  1  kg.  of  fish  in  300,000  liters  of  warm  sea-water  we  should  be 
able  to  detect  a  distinct  fall  in  O2  concentration  during  the  night.  In 
order  to  attain  this  effect  there  need  be  organisms,  the  equivalent  of 
1  kg.  of  fish,  to  10  square  meters  of  bottom  in  water  30  meters  deep. 

It  will  be  seen  from  the  foregoing  sections  that  the  changes  in  the  sea 
that  were  considered  are  very  complicated.  If  the  dirunal  curves  are 
plotted  they  show  secondary  notches.  It  was  thought  probable  that 
the  seconckuy  notches  in  the  diurnal  curves  of  the  sea-water  at  station  A 
might  be  due  to  horizontal  and  vertical  currents  and  eddies.  In  order 
to  exclude  some  of  these  currents  the  diurnal  variation  of  a  model 
lagoon  was  studied.  A  glass  tank  about  4  by  6  by  4  feet  was  placed  in 
the  open  air  and  filled  with  sea-water  and  a  few  cassiopeas  placed  on 
the  bottom.  Convection  currents  stirred  up  the  water  in  the  tank,  but 
there  were  necessarily  no  extensive  horizontal  currents  over  bottoms 
of  different  character  and  depth.  The  curves  of  the  diurnal  variations 
were  smooth — that  is,  without  secondary  notches.  The  extremes 
(maxima  and  minima)  of  the  curves  were  at  about  5**40"  a.  m.  and 
4  p.  m.  The  morning  extreme  was  a  little  delayed,  owing  to  partial 
shading  of  the  tank  for  a  short  time,  before  and  after  sunrise,  but  there 
was  a  corresponding  shading  before  sunset  and  therefore  the  curves 
were  not  skewed.  The  smooth  curves  obtained  with  the  tank  indicate 
that  the  notches  in  the  diurnal  curves  at  station  A  are  due  to  currents 
in  the  water  and  not  to  technical  errors.    On  partially  cloudy  days 
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it  seemB  poesible  for  clouds  to  make  notches  in  the  diunud  ciirves,  and 
sudden  squalls  have  a  similar  effect. 

On  July  10,  10,  20,  21,  22,  23, 24,  and  26  very  frequent  determina- 
tions  were  made,  so  that  the  notches  in  the  curves  could  be  studied. 
With  the  omission  of  these  small  notches,  the  diurnal  curves  are  plotted 
in  figure  6.  It  may  be  observed  that  there  was  a  general  upward  drift 
in  temperature  during  July  of  about  2^.  As  a  consequence  of  rise  in 
temperature  and  increased  cloudiness,  there  was  a  fall  in  the  oxygen 
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Fio.  6. — Diurnal  variatioii  curves  of  searwater  from  station  A.  Tortugas,  during  July,  1917. 
The  date  is  marked  on  the  right-hand  border  of  the  day  interval,  or  ivhere  omitted  it  may 
be  detennined  by  counting  the  waves  of  the  ourve.  The  troui^  of  the  wave  represents  the 
early  morning  and  the  orest  of  the  wave  represents  the  early  afternoon.  The  top  ourve 
represents  the  number  of  oubio  centimeters  Ot  per  liter;  the  second  curve,  the  eocoess  ix 
deficiency  of  saturation;  the  third  curve,  the  number  of  cubic  centimeters  CDs  per  liter; 
the  fourth  curve,  CX)t  tension;  fifth,  pH;  and  sixth,  temperature. 

concentration  in  the  sea-water  during  July.  July  10  was  an  unusually 
calm  day  (up  to  9  p.  m.,  when  a  brief  squall  appeared)  and  shows  great 
extremes  in  all  determinations.  Contrasted  with  this  are  the  windy 
dajrs,  July  13, 14, 15,  and  16,  during  which  the  oxygen  curves  were  very 
much  flattened  out.  This  shows  that  the  oxygen  content  of  the  sea- 
water  is  somewhat  influenced  by  the  atmosphere.  In  fiigure  3  it  may 
be  observed  that  the  oxygen  content  of  the  water  north  of  Hatteras 
is  increased  with  decreasing  temperature  and  increasing  absorption- 
coeflScient,  which  is  another  demonstration  that  the  oxygen  contait 
of  the  water  is  influenced  by  the  air.  On  the  other  hand,  shallow  water 
is  not  nearly  in  equilibrium  with  the  air  in  r^;ard  to  oxygen.    At 
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stations  B  and  H  samples  of  water  were  obtained  which  were  20  per  cent 
undersaturated  and  69  per  cent  oversaturated  respectively. 

Contrasted  with  the  behavior  of  oxygen,  no  certain  effect  of  the  ' 
atmosphere  on  the  COjof  the  water  as  indicated  by  the  pH  was  observed,  j 
At  station  A  the  oxygen  curves  were  flattened  out  on  July  13-15,  due 
to  high  winds,  but  no  flattening  is  observed  on  the  pH  or  CO2  curves. 
On  going  north  into  colder  waters  no  fall  in  pH  was  noted,  except  on  a 
very  cloudy  day  at  the  mouth  of  the  Chesapeake  Bay  and  in  the  pol- 
luted water  off  New  York  Harbor,  neither  of  which  can  be  considered 
normal  conditions.  Palitzsch,  however,  noted  that  pH  fell  from  8.08 
to  8.13,  with  more  extreme  drop  in  temperature  in  the  North  Atlantic 
and  North  Sea.  This  is  not  due  to  a  difference  in  standards,  since  he 
found  the  pH  of  the  Altantic  at  about  41^  north  latitude  and  of  the 
Bay  of  Biscay  to  be  8.22  and  8.25  respectively. 

No  local  effect  of  the  CO2  tension  of  the  sea  on  the  CO2  of  the  air  was 
observed.  The  wind  reaching  Tortugas  blew  over  the  Florida  Keys 
and  alternate  areas  of  water  of  CO2  tension =3  to  3.5  in  the  morning 
and  2  to  3  in  the  afternoon.  The  CO2  of  the  air  varied  from  2.8  to  3.5 
without  any  relation  to  time  of  day.  Part  of  this  variation  may  have 
been  merely  the  expression  of  technical  errors,  but  a  large  number  of 
duplicate  experiments,  and  of  experiments  designed  to  show  the  limit  of 
error,  failed  to  support  the  idea  that  the  variations  were  entirely  due  to 
technical  errors.  The  CO2  of  the  air  was  determined  colorimetrically 
with  24  mm.  sealed  tubes  containing  the  standards.  The  objection 
might  be  raised  that  the  expanse  of  water  of  the  same  CO2  tension  was 
not  great  enough  to  affect  the  air  and  that  considerable  time  was  neces- 
sary to  effect  a  change,  and  while  one  body  of  air  was  passing  over  the 
sea,  both  morning  and  afternoon  variations  in  the  water  affected  it 
alternately  with  neutralization  of  effects.  The  variations  from  day  to 
day  might  have  been  due  to  slight  shiftings  of  the  wind  and  also  to 
vertical  currents  in  the  air.  In  order  to  avoid  such  objections.  Dr.  A. 
G.  Mayer  made  determinations  over  the  Pacific  Ocean.  The  standard 
tubes  that  he  used  were  only  10  mm.  in  diameter,  but  the  bicarbonate 
solution  was  kept  in  a  gold-lined  Jena  flask  and  had  not  changed  when 
tested  on  his  return.  The  absolute  standards  may  have  been  different 
from  those  used  at  Tortugas,  but  the  method  was  adequate  to  show 
differences,  provided  equilibrium  was  always  readied.  The  determina- 
tions were  taken  at  noon  each  day,  except  where  otherwise  stated. 
The  results  of  my  calculations  from  his  data  are  given  in  table  1 1 . 

From  table  1 1  there  probably  may  not  be  reloognized  any  correlation 
between  CO2  tension  of  the  sea  and  of  the  air.  The  cause  for  this 
may  be  that  tiie  apparatus  was  too  crude  or  that  exchange  between 
air  and  sea  is  entirely  masked  by  currents  in  the  air.  If  we  regard  the 
air  as  sufficiently  circulated  to  be  of  practically  uniform  composition, 
the  changes  in  barometric  pressure  would  not  cause  significant  changes 


232 


Papers  from  the  Department  of  Marine  Biology. 


in  CO2  tension  and  the  latter  mig^t  be  considered  constant.  If  ibere 
were  sufficient  exchange  between  sea  and  air  the  COs  tension  of  the 
sea  would  be  practically  constant.  In  table  11,  the  sea-water  ex- 
amined by  Dr.  Mayer  on  the  trip  from  San  Francisco  to  Hawaii  (if 
we  except  the  first  station,  where  the  water  was  pdluted  from  land 
drainage  and  came  in  an  insensitive  region  of  the  thymolsulfon- 
phthalein  tubes)  had  an  almost  uniform  COs  tension,  although  the  tem- 
perature rose  6.2^,  thus  necessitating  in  total  CO2  a  fall  of  1.3  c.c.  p^ 
liter  and  rise  in  pH  of  0.08.  This  may  not,  however,  have  been  entirely 
due  to  exchange  with  the  air  in  sitUf  but  partly  to  the  remote  hist(»ry  of 


Tablb  11. 

CX)i 

OOi 

pH 

Tem- 

Date. 

Latitude. 

Longitude. 

Bar. 

tension 

tension 

sea 

perature 

Salinity. 

air. 

sea. 

20. 

of  sea. 

Feb. 

21.. 

36«06'N.. 

128»  38'  W. . 

766 

3.1 

3.1 

8.06 

12.3 

22.. 

83   31' N.. 

136  09' W.. 

768 

3.6 

2.4 

8.17 

16.4 

23.. 

30  63' N.. 

140  63  W.. 

760 

2.6 

2.4 

8.20 

17.6 

24.. 

27  49  N.. 

146  28  W.. 

762 

2.4 

2.4 

8.28 

20.1 

26.. 

24   22'N.. 

162   19  W.. 

763 

3.0 

2.4 

8.26 

21.6 

27.. 

17   62  N.. 

169   13  W.. 

762 

3.0 

•   •  • 

•   •   •   • 

■   •  •   ■ 

28.. 

12   10  N.. 

161    17  W.. 

761 

3.1 

•   •   •   • 

■   •   •   • 

- 

Mar. 

1.. 

06  36  N.. 

163  21  W.. 

769 

3.6 

•   •  • 

•  •   .   • 

•   •   •   * 

2.. 

01   07  N.. 

166  30  W.. 

767 

3.0 

•   •   • 

•   ■   •  • 

>   •   «   • 

3.. 

04   34  S... 

167  23  W.. 

767 

3.6 

•   •   • 

•   •   •   ■ 

•   •   •   • 

4.. 

10    14  S... 

169   14  W.. 

768 

2.4 

•  •  • 

«        K        •        « 

•  •   •   • 

Apr. 

19.. 

10   16  S... 

169  03  W.. 

767 

3.0 

2.8 

8.24 

27.8 

36!i6 

20.. 

06   10  S... 

167  00  W.. 

766 

4.1 

3.6 

8.16 

26.8 

86.41 

21a. 

00  00     ... 

166  06  W.. 

766 

2.9 

8.7 

8.12 

26.0 

36.26 

22.. 

06   42  N.. 

163   12  W.. 

766 

4.1 

4.1 

8.10 

26.9 

36.06 

23.. 

11    19  N.. 

161   06  W.. 

758 

3.0 

2.7 

8.22 

26.4 

34.68 

236. 

12   29  N.. 

160  39  W.. 

•   •  • 

•   •   • 

2.7 

8.23 

26.6 

24.. 

17   03  N.. 

169  23  W.. 

760 

2.9 

2.8 

8.21 

24.6 

34.58 

25c. 

21   00  N.. 

167  60  W.. 

t  •  • 

■    ■   * 

2.7 

8.21 

23.8 

25d. 

21    10  N.. 

137  40  W.. 

•   •  • 

■    •   ■ 

2.8 

8.20 

23.9 

o4.  V4 

26.. 

23   51  N.. 

163  44  W.. 

760 

3.6 

2.7 

8.21 

23.6 

34.79 

27.. 

27    18  N.. 

147   62  W.. 

760 

3.6 

2,6 

8.23 

21.6 

36.06 

28.. 

30   29  N.. 

141   60  W.. 

761 

4.0 

2.6 

8.20 

19.8 

36.06 

29.. 

33   39  N.. 

135   34  W.. 

762 

3.1 

3.1 

8.10 

16.6 

33.89 

30.. 

36  00  N.. 

128  69  W.. 

762 

3.1 

2.8 

8.10 

14.3 

38.17 

May 

le. 

37  50  N.. 

123  26  W.. 

■   •  • 

«    •   • 

6.2 

7.86 

10.6 

88.83 

a  imx)" 

a.  m.         h  5** 

00"  p.  m. 

c5»'00' 

"  a.  m. 

deHx. 

)™  p.  m. 

e7»»3 
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the  water.  Palitzsch  has  shown  that  the  pH  of  the  open  sea  decreases 
as  the  depth  increases.  It  is  well  known  that  temperature  decreases 
as  the  depth  increases,  and  the  two  factors  would  have  antagonistic 
effects  on  the  CO2  tension  and  tend  to  keep  it  constant.  The  reason 
for  this  stratification  of  the  water  may  be  that  each  stratum  of  water 
reached  a  certain  temperature  and  CO2  tension  while  at  the  surface, 
and  the  temperature  effect  on  the  density  caused  the  superposition  of 
the  strata.  After  being  buried  out  of  reach  of  surface  currents,  the 
temperature  and  total  CO2  change  very  slowly  and  hence  the  COf 
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tensioii  changes  very  slowly  and  may  be  practically  the  same  when  it 
reaches  the  surface  the  second  time  as  when  it  left  the  surface  the  first 
time.    Palitzsch's  data  are  shown  in  table  8. 

It  is  not  intended  to  create  the  impression  tjiat  the  air  r^ulates  the 
CO2  tension  of  the  sea.  There  is  20  to  30  times  as  much  total  COs  in 
the  sea  as  in  the  air.  If  there  were  no  CO2  in  the  air  and  this  condition 
could  be  maintained  by  some  external  agent,  all  of  the  COs  in  the  sea 
would  pass  into  the  air,  thus  reducing  the  carbonates  and  bicarbonates 
to  hydrates.  In  other  words,  the  total  CO2  of  the  sea  is  available  for 
regulating  the  CO2  of  the  air.  From  the  available  data,  however,  it 
appears  that  the  partial  pressure  of  CO2  in  the  air  at  sea-level  is  less 
than  the  average  CO2  tension  of  the  sea.  The  reason  for  this  anomaly 
is  as  follows :  Part  of  the  carbon  fixed  by  photosynthesis  at  depths  of 
less  than  300  meters  gravitates  to  greater  depths  and  is  oxidized,  thus 
increasing  the  CO2  content  of  deep  water.  Some  of  this  deep  water  is 
constantly  being  carried  to  the  surface  by  vertical  currents,  but  on 
reaching  the  light  the  CO2  is  reduced  again  by  photosjmthesis  and  the 
original  state  of  affairs  is  regained.  Thus  the  sunlight  interposes  a 
barrier  between  the  air  and  the  main  body  of  sea-water,  so  that  the  air 
contains  less  CO2  than  it  would  if  the  sea  were  more  rapidly  stirred. 

Thus  photosjmthesis  has  an  effect  on  the  CO2  of  the  air  that  is  not 
entirely  counteracted  by  the  respiration  of  animals,  because  animals 
live  not  only  at  the  surface  but  at  all  depths.  The  amount  of  photo- 
synthesis must  affect  the  CO2  content  of  the  air,  but  so  many  factors 
affect  photosynthesis  that  probably  no  one  factor  is  the  limiting  factor 
for  the  whole  surface  of  the  sea.  Photosynthesis  varies  directly  with 
both  CO2  tension  and  illumination,  and  either  of  these  might  become 
a  limiting  factor  under  certain  conditions.  There  is  an  optimum  pH 
range  for  plants,  and  since  the  temperature  of  the  sea-surface  as  a 
whole  is  dynamically  constant,  there  might  be  constructed  an  optimum 
COrtension  map  of  the  sea.  But  the  range  of  pH  compatible  with  the 
life  of  seaweed  is  rather  broad  and  may  be  different  for  different  species 
and  has  not  been  worked  out  for  the  whole  life-history  of  a  single 
species,  and  besides,  there  may  be  some  other  limiting  factor.  It 
seems  probable  that  the  limiting  factors  are  different  in  cold  and  warm 
seas.  Photosynthesis  is  more  than  doubled  by  a  rise  of  10**  in  tempera- 
ture, but  the  number  of  grams  of  plant  tissue  per  square  meter  of  sea 
surface  is  less  in  warm  seas  than  in  cold  seas.  The  limiting  factor  in 
very  cold  seas  may  be  temperature.  The  limiting  factor  at  Tortugas 
may  be  fixed  nitrogen,  since  I  found  less  than  0.02  mg.  of  fixed  nitrogen 
per  liter  of  sea-water.  There  is  a  more  abundant  growth  of  eel-grass 
on  the  west  side  of  Loggerhead  Key  than  on  the  east,  and  sewage  and 
garbage  contaminates  the  water  of  the  west  side.  On  the  other  hand, 
the  water  of  the  west  side  is  less  aptated  by  the  wind.  At  the  Marque- 
sas, fixed  nitrogen  is  washed  into  the  sea  from  decaying  organic  matter 
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on  ahore.  There  is  an  abundant  growth  of  eel-grass  in  shallow  wata* 
around  Marquesas  and  in  the  lagoon  where  the  water  is  not  extremely 
shallow  or  perhaps  disappears  at  low  tide. 

In  the  shallow  pool  between  Bush  Key  and  Long  Key,  Tortugas, 
blocked  off  from  the  sea  except  at  extreme  high  tide  by  sand-bars 
thrown  up  in  a  recent  hurricane,  there  is  a  dense  growth  of  seaweed, 
which  probably  gets  its  fixed  nitrc^^en  from  the  adjacent  shores.  It 
seems  probable  that  the  fixed  nitrogen  formed  by  electric  discharges, 
decomposition  of  organisms,  and  nitrifying  bacteria  that  finds  its  way 
to  Tortugas  is  so  reduced  by  the  action  of  Drew's  bacilli  as  to  be  the 
limiting  factor  for  the  growth  of  seaweed.  At  any  rate,  the  amount  of 
phytoplankton  per  unit  volume  of  sea-water  is  much  smaller  than  in 
cold  seas.  Only  on  the  bottom,  and  especially  along  shores  where  the 
plants  may  have  access  to  fixed  nitrogen  (from  the  decay  of  organisms) 
before  Drew's  bacilli  have  had  time  to  decompose  it,  do  we  find  an 
abundant  plant  growth. 

The  limiting  factor  for  animals  seems  to  be  food,  but  under  some 
unusual  conditions  oxygen  might  become  the  limiting  factor.  Fish  in 
an  aquarium  open  to  the  air,  and  with  a  constant  stream  of  oxygenated 
sea-water  flowing  in,  suffocate  if  the  stream  of  water  is  not  sufficiently 
rapid.  The  same  is  true  of  sponges  and  other  animals.  If  we  take 
the  lowest  oxygen  concentration  found  right  at  the  sea  surface,  1  kg.  of 
fish  would  use  all  of  the  oxygen  in  4,300  liters  of  sea-water  in  24  hours 
and  would  show  symptoms  of  altered  metabolism  before  it  was  used  up. 
Oxygen  diffuses  into  the  water  from  the  air  very  slowly,  and  the  fact 
that  fish  can  come  to  the  surface  does  not  help  them  much.  It  seems 
improbable  that  fish  would  congregate  in  such  numbers  as  to  suffocate. 
On  the  other  hand,  dinoflagellates  sometimes  multiply  or  congregate 
in  such  numbers  as  to  die  and  make  the  water  foul.  In  the  summer  of 
1907 1  observed  such  swarms  of  Gonyavlax  polyedra  in  the  Pacific  Ocean 
off  La  JoUa,  California,  that  the  water  was  red  by  day  and  turned  to 
fire  at  night.  The  infected  water  welled  up  in  spots  which  grew  larga: 
until  nearly  all  of  the  water  was  infected.  In  about  3  days  the  water 
stunk  and  some  dead  fish  were  cast  on  shore  by  the  waves.  The  death 
of  large  numbers  of  fish  from  imknown  causes  are  reported  by  Taylor. 
It  is  not  intended  to  imply  that  these  were  due  to  lack  of  oxygen,  but 
the  oxygen  content  of  the  water  was  not  investigated  and  no  satisfac- 
tory explanation  was  found. 

No  direct  determinations  showing  absence  of  oxygen  in  sea-water 
have  come  to  my  notice,  but  HiS  in  the  water  is  destroyed  by  oxygen 
and  the  presence  of  H2S  indicates  oxygen-lack.  In  some  Scandinavian 
fjords  H2S  sometimes  rises  to  within  4  feet  of  the  surface  and  kills  the 
oysters  in  ' 'oyster  polls."  In  the  Black  Sea  HiS  appears  at  a  depth  of 
180  meters,  according  to  Palitzsch. 


PART  II. 

RELATION  OF  OXYGEN  TENSION  AND  ACTIVITY  OF  THE  NERVOUS 

SYSTEM  TO  METABOLISM  IN  CASSIOPEA.* 

Henze  (1910a)  observed  that  sea-anemones  use  less  oxygen  when  less 
is  present  in  the  sea-water,  but  interpreted  this  as  due  to  the  time 
required  for  diffusion  into  the  animal.  That  is  to  say,  he  supposed  that 
all  of  the  cells  were  not  supplied  with  oxygen  when  there  was  little  in 
the  sea-water.  If  oxygen  was  entirely  absent  in  some  of  the  cells,  the 
decreased  oxidation  may  have  been  merely  the  expression  of  the  lesser 
niunber  of  cells  taking  part  in  the  metabolism.  Burrows  showed  that 
tissue  cells  require  a  certain  oxygen  tension  for  growth.  Verzar  showed 
that  the  cat's  heart  is  slowed  by  reducing  the  oxygen,  and  Loeb  and 
Wasteneys  found  that  the  heart-beat  of  Fundulus  embryos  may  be 
slowed  by  reducing  the  oxygen.  The  growth  of  Fundulus  may  be  sus- 
pended by  lack  of  oxygen  and  may  be  slowed  by  diminishing  the  oxygen. 
Johansen  and  Krogh  found  that  plaice-fish  eggs  develop  slower  when 
the  oxygen  tension  is  reduced. 

The  calorimeter  consisted  of  either  an  850  c.c.  or  a  900  c.c.  Dewar 
flask  (thermos  bottle)  inclosed  in  an  air-tight  container,  which  was 
immersed  in  water  that  was  maintained  at  the  same  temperature  as 
the  water  in  the  flask,  within  0.003**.  The  technical  difficulties  were 
met  as  follows :  Two  Beckmann  thermometers  were  adjusted  and  com- 
pared over  the  range  of  temperatures  of  the  experiments  and  fitted 
with  reading-lenses  to  estimate  down  to  0.001®.  A  large  tank  of  sea- 
water  was  brought  to  30®  (which  was  about  the  temperature  of  the  air) 
and  its  pH  and  O2  and  CO2  content  determined.  A  cassiopea  was  in- 
troduced into  some  of  this  sea-water  that  was  dipped  out  into  a  jar. 
The  thermos  bottle,  stopper,  and  thermometers  were  immersed  in  the 
large  tank  imtil  they  reached  the  temperature  of  the  water.  The 
cassiopea  was  trajisf erred  to  the  thermos  bottle  and  a  perforated  cork 
stopper  was  inserted,  with  the  exclusion  of  air-bubbles.  One  Beckmann 
thermometer  was  inserted  through  the  perforation  in  the  stopper  and 
the  other  suspended  in  the  tank,  near  the  middle  of  the  thermos  bottle. 
A  small  hole,  remaining  in  the  stopper  for  exit  of  displaced  water, 
was  closed  with  wax.  The  pulsations  of  the  cassiopea  stirred  the  water 
inside  the  thermos  bottle,  and  the  water  in  the  tank  was  mechanically 
stirred  and  was  kept  at  the  same  temperature  as  that  inside  the  thermos 
bottle  by  additions  of  small  portions  of  warmer  or  colder  water  as 
required.  The  light  was  excluded  by  the  silvering  and  coverings 
of  the  thermos  bottle,  but  in  some  experiments  in  which  a  900  c.c.  glass 
jar  with  ground-glass  cover  was  used  in  place  of  the  thermos  bottle, 
the  light  could  be  excluded  by  darkening  the  tank,  so  as  to  prevent 

*The  content  of  this  Motion  was  published  as  a  i^iMrate  paper  in  Jour.  Biol.  Chem.,  1917, 
mil,  375. 
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photoeynthesis  in  the  symbiotic  plant  cells.  Time  was  measured  by 
means  ot  a  stop-watch  and  a  clock.  The  same  cassiopea  was  used  in  a 
series  of  experiments. 

The  oxygen  in  the  sea-water  was  determined  by  the  Winkler  method, 
which  can  be  corrected  for  the  small  error  due  to  a  slight  amount  of 
organic  matter  given  out  by  Cassiopea  j  and  it  was  thought  impracticable 
to  use  the  complicated  method  of  Shutcmiberger  and  Risler  (Henxe, 
19106).  A  250  c.c.  glass-stoppered  bottle  was  weighed  empty  and  full 
of  distilled  water  at  a  known  temperature,  in  order  to  standardise  its 
vdume.  It  was  fitted  with  a  double-bored  rubber  stopper  and  a  long 
and  a  short  glass  tube  with  rubber  connections.  The  bottle  was  filled 
with  mercury  and  the  long  glass  tube  was  sucked  full  of  the  water  to 
be  analyzed  and  the  stopper  inserted.  By  inverting  the  bottle  the 
sea-water  was  siphoned  into  it,  when  the  rubber  stopper  was  removed 
and  the  glass  stopper  inserted.  The  glass  stopper  was  lifted  and  1  c.c. 
of  alkaline  KI  solution  and  1  c.c.  of  40  per  cent  MnClt  solution  intro- 
duced (correction  being  made  for  this  in  the  Os  calculation)  and  the 
stopper  was  inserted.  Colloidal  membranes  formed  about  the  drops  of 
alkali  and  violent  shaking  was  necessary  to  break  them.  After  the 
precipitate  had  settled,  2  c.c.  of  concentrated  HCl  were  added  and  the 
stopper  inserted  and  the  bottle  shaken.  Its  contents  were  transferred 
to  a  flask  and  titrated  with  0.01  N  sodium  thiosulphate  solution  until 
the  yellow  color  disappeared;  then  starch  solution  was  added  and  the 
titration  continued  until  the  blue  color  disappeared;  then  the  water 
was  poured  into  the  bottle  and  back  into  the  flask  and  titrated  until  the 
blue  color  disappeared.    The  calculation  was  as  follows: 

0.056  X  c.c.  thiosulphate  .  i-x       i- 

^ .    ,,,      ^    =c.e.  of  oxygen  per  uter  of  sea-water 

capacity  of  bottle — 2 

and  this  quotient  multiplied  by  0.9  equals  cubic  centimeters  of  oxygen 

in  calorimeter  (on  the  assumption  that  the  concentration  of  oxygen  in 

the  cassiopea  was  the  same  as  that  in  the  sea-water). 

In  order  to  reduce  the  carbonate  content,  the  alkaline  KI  solution 
waa  made  fresh  every  few  days  from  two  stock  solutions.  Carbonate- 
free  NaOH  solution  was  made  by  dissolving  100  grams  of  NaOH  in 
100  c.c.  H2O  in  a  glas&-stoppered  bottle  and  pipetting  off  after  the  car- 
bonate had  settled.  One  part  of  tlus  was  mixed  with  one  part  of  20 
per  cent  KI  solution  before  being  used.  NaOH  made  from  metallic 
sodium  contained  a  trace  of  nitrite  and  NaOH  purified  by  alcohol  con- 
tained but  little  more.  This  nitrite  causes  no  error  if  the  titration  is 
quickly  made  immediately  after  adding  the  acid,  but  the  contents 
of  the  flask  slowly  turn  blue  for  hours  after  the  end-point  has  been 
reached.  If  the  acidity  is  greatly  increased,  however,  the  nitrite  causes 
an  appreciable  error  in  the  titration. 

The  MnCU  solution  contained  a  trace  of  Mn(OH)i,  but  this  was 
removed  by  decantation.    The  thiosulphate  was  dissolved  in  COj-free 
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water  and  kept  in  an  automatic  burette  with  soda-lime  tubes,  and  stand- 
ardized with  pure  iodine.  The  starch  solution  was  allowed  to  settle 
and  only  the  clear  upper  portion  used.  When  dextrins  appeared  in  it 
a  fresh  solution  was  prepared. 

Although  pH  determinations  and  CO2  calculations  were  made  in  all 
experiments,  it  was  foimd  that  the  oxygen  absorbed  could  be  deter- 
mined much  more  accurately  than  the  C02  given  out,  and  the  CO2 
determinations  are  not  listed  with  the  experiments,  but  are  collected 
together  in  the  form  of  respiratory  quotients.  The  respiratory  quo- 
tients were  0.7,  0.74,  0.76,  0.84,  0.85,  0.86,  0.88,  0.9,  0.91,  0.92,  0.97, 
0.99,  1,  1.02,  1.03,  1.1,  1.15,  1.2.  It  was  impossible  to  tell  whether 
the  variation  is  due  entirely  to  errors  in  the  CO2  determinations  or 
whether  the  respiratory  quotient  varied.  It  is  improbable,  however, 
that  respiratory  quotients  of  1.2  existed  for  even  short  periods  of  time, 
and  these  at  least  may  be  considered  due  to  technical  errors.  Accord- 
ing to  Mayer  (1914),  Cassiopea  lives  on  animal  food  exclusively  and  does 
not  absorb  carbohydrates  from  its  symbiotic  algse,  since  it  starves  as 
rapidly  in  the  light  as  in  the  dark.  It  may,  however,  get  some  carbo- 
hydrates from  its  animal  food,  or  from  glycoproteins  during  starvation. 
In  this  connection  it  may  be  of  interest  to  note  that  CassUypea  secretes 
a  mucin-like  substance.  Since  the  error  in  estimating  CO2  production 
may  be  30  per  cent  in  half-hour  experiments  with  small  cassiopeas,  it 
is  convenient  to  assume  that  the  respiratory  quotient  is  constant  and 
is  about  0.95,  which  is  also  the  average  found  by  Vernon  for  the  hardier 
species  of  jelly-fish,  on  which  he  made  most  of  his  determinations. 

The  oxygen  consumption  is  about  doubled  when  the  temperature  is 
raised  from  20^  to  30^,  and  from  results  on  other  animals  is  probably 
an  exponential  fimction  of  the  difference  in  temperature.  Harvey 
(see  Mayer,  1917)  found  the  velocity  of  the  nerve-impulse  in  CassUypea 
to  be  a  linear  function  of  the  temperature  and  to  increase  about  64  per 
cent  on  raising  the  temperature  from  23®  to  33°.  I  foimd  the  activity  of 
the  ganglia  (rhopalia)  in  inducing  pulsations  of  the  umbrella  to  be  about 
doubled  with  rise  from  20°  to  30°  in  temperature.  The  data  are  given 
in  table  12. 

Table  12.  Tablb  13. 


Oi  oon- 
sumption. 

Temp. 

ooeff. 
for  10* 

rise. 

Pulsations 
per  second. 

20* 

30*» 

20* 

30* 

0.608 
0.57 

1.54 
1.05 

2.21 
1.84 

•  •   •   • 

0.27 

•   •   •   • 

0.55 

pH. 

Os  ooDoeD" 
tration. 

OtUMd. 

7.60 

4.40 

1.85 

7.53 

4.50 

1.95 

8.24 

4.30 

2.79 

8.24 

4.50 

2.87 

8.24 

4.55 

2.43 

8.38 

4.40 

2.07 

8.52 

3.00 

2.28 

8.72 

3.16 

2.59 

These  experiments  show  the  necessity  of  accurate  temperature  con- 
trol, and  in  all  of  the  other  experiments  in  this  paper  the  temperature 
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Table  14. 


was  meamired  to  the  nearest  tenth  of  a  degree  and  maintained  to  within 
0.2^  of  3(f. 

The  sea  surface  is  at  about  the  optimum  pH  for  metabolism  (usually 
8.1  to  8.3),  but  the  variation  in  metabolism  with  variation  of  pH  within 
the  range  studied  is  very  slight,  as  shown  by  table  13  (diameter  of 
cassiopea  =>  10  cm.). 

These  variations  in  oxidation  may  be  due  to  experimental  errors  and 
variation  in  Os  concentration,  except  the  first  two,  which  show  a  sli^t 
lowering  of  oxidation  when  the  pH  is  re- 
duced to  about  7.5. 

In  comparing  the  rise  in  temperature  in 
the  calorimeter  with  that  calculated  from 
the  O2  consumption,  the  assumptions  were 
made  that  the  respiratory  quotient  was 
0.95,  and  that  a  certain  mixture  of  pro- 
teins, fats,  and  carbohydrates  was  burned, 
giving  6  gram-calories  per  cubic  centimeter  of  CC^,  as  in  table  14. 

In  these  experim^ts  it  was  assumed  that  there  was  no  loss  of  heat, 
although  some  heat  must  have  passed  into  the  thermometer  bulb  and 
glass  lining  of  the  thermos  bottle.  The  specific  heat  of  the  sea-water 
and  the  cassiopea  was  taken  as  unity  because  the  determinations  were 
not  accurate  enough  to  warrant  the  application  of  small  corrections. 
The  experiments  had  to  continue  for  2  hours  in  order  to  obtain  an  accu- 
rately measurable  rise  in  temperature,  and  the  tedium  of  keeping  the 
tank  at  the  same  temperature  as  the  calorimeter  necessitated  the 
substitution  of  indirect  calorimetry  in  the  remainder  of  the  experiments. 

Some  preliminary  experiments  to  show  the  effect  of  O2  tension  are 
shown  in  table  15.  Since  the  temperature  was  constant,  the  O2  tension 
is  proportional  to  O2  concentration. 


0, 

CX>, 

Detei^ 
mined. 

Calcu- 
Uted. 

2.18 
2.54 

2.07 
2.41 

or.  caL 
12.6 
16.2 

or.  eoL 
12.4 
14.5 

Average  d  conoentration 11.9     1 .91 

Os  consumption 2.6    2.38 


3.36     1.55 
2.26     1.65 


In  performing  these  experiments,  a  number  of  possible  sources  of 
error  were  thought  of  and  it  was  decided  to  make  a  more  detailed  study 
of  the  metabolism  of  Cassiopea  before  returning  to  the  subject.  The 
chief  danger  of  error  was  in  prolonging  the  experiment  until  all  of  the 
O2  was  used  up.  It  was  foimd  that  Cassiopea  could  live  more  than  7 
hours  without  oxygen,  in  which  case  no  measurable  quantity  of  CO2  was 
produced.  Vernon  observed  practically  no  increase  in  the  respiratory 
quotient  of  jelly-fish  correlated  with  oxygen-want,  whereas  the  respira- 
tory quotient  of  fishes  increased  under  these  conditions. 

In  order  to  determine  whether  the  rate  of  oxidation  depends  on  the 
oxygen  tension,  it  is  desirable  to  know  something  about  the  o^gen 
tension  inside  the  living  cells.  In  other  words,  the  transfer  of  oxygen 
to  the  cells  must  be  facilitated  as  much  as  possible  if  we  are  to  judge 
anything  about  the  tension  of  Os  within  them  from  that  in  the  sea-water. 
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Table  15. 


This  could  be  approximated  by  agitating  free  cells  or  a  single  layer  of 
cells  with  the  water  or  circulating  the  water  over  a  single  layer  of  cells. 
When  using  free  cells,  some  are  liable  to  injury  and  more  or  less  disin- 
tegration, thus  interfering  with  the  titrations,  but,  notwithstanding  the 
criticism  of  Heilbnmn,  comparative  results  may  be  obtained  (Mc- 
Clendon  and  Mitchell).  Cassiopea  was  chosen  because  the  cells  are 
spread  in  thin  layers  on  the  surface  of  a  mesoglea  which  will  be  shown 
to  use  practically  no  oxygen.  The  pulsations  of  a  cassiopea  bring  cur- 
rents of  water  over  the  cell-layers,  so  that  diffusion  is  necessary  only 
for  a  minute  distance.  The  error  due  to  this  diffusion  would  be  lai^e 
only  when  the  O2  tension  is  very  small.  By  skillful  manipulation,  the 
mucous  secretion  may  be  prevented  from  increasing  or  leaving  the 
surface  of  the  cassiopea. 

Evidence  that  oxidation  is  confined  to  the  cell-layers  is  apparent  in 
the  fact  that  oxidation  is  not  proportional  to  the  volume  but  to  the 
surface.  It  would  be  practically  impossible  to  measure  the  surface, 
but  since  the  individuals  are  practically  of  the  same  shape,  the  surface 
is  proportional  to  the  square  of  the  diameter.  Since  Cassiopea  is 
elastic,  the  diameter  was  always  measured  under  the  same  conditions, 
i.  e.y  resting  on  a  glass  plate,  with  the  exumbrella  in 
contact  with  the  glass  (and  the  average  of  2  diame- 
ters at  right  angles  to  one  another  taken).  Some 
rough  preliminary  determinations  showed  the  O2  con- 
sumption in  cubic  centimeters  per  hour  to  be  about 
0.023  time  the  square  of  the  diameter  in  centimeters, 
as  shown  in  table  15.  Very  small  cassiopeas  used 
more  O2  than  calculated  from  the  formula  (an 
anomaly  which  is  correlated  with  more  rapid  pulsa- 
tions) .  A  cassiopea  3.5  cm.  in  diameter  pulsated  once 
a  second,  whereas  one  10  cm.  in  diameter  pulsated  0.3 
time  per  second.  In  order  to  compare  experiments 
on  Cassiopea  where  the  weight  is  recorded,  it  is  convenient  to  know 
that  the  diameter  is  cm.  =  2.25'  weight  in  grams. 

Table  16  gives  the  respiration-rate  imder  different  conditions,  except 
that  the  temperature  is  alwajrs  30®. 

In  this  table  the  pH  and  Os  per  liter  at  the  beginning  of  the  ex- 
periment are  given;  the  pH  was  about  0.09,  while  the  O*  was  1.5  c.c. 
lower  at  the  end  of  each  experiment.  The  average  O2  during  each 
experiment  influences  the  O2  used  per  hour,  but  apparently  no  difference 
in  the  quotient  of  the  O2  used  per  hour  divided  by  the  square  of  the 
diamet^  can  be  correlated  with  difference  in  size.  Using  greater 
extremes  of  size,  however,  the  quotient  seems  to  decrease  as  the  diam- 
eter increases,  and  therefore  extreme  sizes  were  usually  avoided  after 
this  was  discovered. 

All  of  the  experiments  were  made  under  conditions  of  starvation,  and 


Diam- 

0, 

eter. 

per  hour. 

cm. 

3.5 

0.4 

7 

1.4 

8.6 

1,17 

0.6 

2.16 

10 

2.7 

11.6 

2.78 
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hence  the  cassiopea  used  its  own  substance  as  a  source  of  enei^. 
Starvation  can  hardly  be  consido^  a  pathological  process  in  Cassiopea, 
however,  since  it  may  remain  alive  for  months  without  food,  constantly 

Table  16. 


Diam- 

Ot  per  hour 

Otper 

pH. 

Ot  per 

eter. 

flq.  dia. 

liter. 

hour. 

7 

0.0200 

4.5 

8.20 

1.3 

8 

.0187 

4.2 

8.22 

1.26 

8.5 

.0152 

3.32 

8.22 

1.09 

10 

.0287 

4.5 

8.24 

2.87 

10 

.0279 

4.3 

8.24 

2.79 

10 

.02i3 

4.55 

8.24 

2.43 

10 

.0185 

4.4 

7.50 

1.85 

10 

.0195 

4  5 

7.53 

1.95 

10 

.0207 

4.4 

8.37 

2.07 

10 

.0228 

3.9 

8.52 

2.28 

10 

.0259 

3.16 

8.72 

2.59 

11 

.0230 

3.54 

8.17 

2.79 

11 

.0200 

1.8 

8.40 

2.43 

11 

.0160 

1.57 

8.02 

1.93 

11 

.0320 

7.2 

8.47 

3.84 

11 

.0400 

7.44 

8.46 

4.87 

decreasing  in  weight  imtil  it  almost  disappears  before  death.  Mayer 
(1914)  determined  the  loss  in  weight  as  about  5.6  per  cent  per  day  at 
about  30^,  although  no  thermostat  was  used.  If  y  is  the  weight  at  any 
moment  and  w  is  the  weig^ht  when  starvation  commenced  and  n  is  the 
number  of  dajrs  of  starvation, 

l/=t£?(l-0.056r 

Since  I  found  the  diameter  to  be  2.25  times  the  cube  root  of  the 
weight,  if  the  weight  were  100  grams,  the  diameter  would  be  10.45  cm. 
The  Os  consumed  during  one  day  would  be  about  0.023  time  the  square 
of  the  diameter  times  24= about  60  c.c.  O2  absorbed  and  57  c.c. 
CO2  given  out.  If  we  assume  that  protein  was  burned  and  that  5.9 
gram-calories  correspond  to  1  c.c.  CO2,  the  metabolism  would  equal 
336  gm.  cal.  for  the  day.  If  we  assume  that  a  certain  mixture  of  pro- 
teins, fats,  and  carbohydrates  was  burned  and  6  calories  correspond  to 
1  c.c.  of  COj,  the  metabolism  would  equal  342  calories  per  day. 

Since  I  have  shown  that  the  metabolism  is  proportional  to  the  sur- 
face and  Mayer  has  shown  that  the  loss  in  weight  is  proportional  to  the 
volume  (weight),  the  composition  of  the  cassiopea  must  change  during 
starvation.  In  other  words,  it  loses  weight  faster  than  it  bums  protein 
(or  other  organic  matter),  and  hence  the  concentration  of  the  protein 
must  increase.  Mayer  (1914)  found  the  cellular  layer  did  not  decrease 
in  thickness  during  starvation,  and  Hatai  found  the  percentage  of 
nitrogen  to  the  total  body-weight  increases  during  starvation  and  is 
also  greater  in  small  than  in  large,  well-nourished  cassiopeas.  There- 
fore in  attempting  to  calculate  the  metabolism  from  the  loss  in  body- 
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substance,  we  should  make  it  proportional  to  the  loss  in  surface  rather 
than  loss  in  volume,  since  the  loss  in  living  matter  seems  to  be  propor- 
tional to  the  loss  in  surface  and  the  cassiopea  seems  to  have  no  other 
important  store  of  food  than  its  own  protoplasm,  the  mesoglea  appar- 
ently functioning  chiefly  as  a  skeleton. 

Since  the  surface  is  proportional  to  the  two-thirds  power  of  the  vol- 
ume, we  may  assume  that  the  protein  is  proportional  to  the  two-thirds 
power  of  the  weight  (the  density  remaining  practically  constant). 
The  protein  equals  5.16  per  cent  of  the  two-thirds  power  of  the  weight 
(calculated  from  Hatai's  data  on  the  assumption  that  protein  is  16  per 
cent  N).  The  weight  at  the  beginning  of  starvation  was  100  grams  and 
the  protein  1.107  grams;  at  the  end  of  one  day  the  weight  was  94.4  and 
the  protein  1 .07,  being  a  loss  of  37  mg.  of  protein.  If  we  assume  that 
1  mg.  of  protein  is  equivalent  to  4.4  cal.,  the  metabolism  the  first  day 
would  be  163  calories,  although  I  foimd  it  to  be  336  to  342  calories. 

Although  these  calculations  are  only  approximate,  since  starvation 
is  a  little  greater  the  first  day  than  calciilated  by  the  formula,  this 
great  difference  indicates  that  the  burning  of  protdn  does  not  account 
for  all  of  the  heat.  Since  living  cells  contain  lipoids  or  lipo-proteins 
and  carbohydrates  or  glyco-proteins,  it  seems  probable  that  proteins, 
carbohydrates,  and  lipoids  are  burned.  The  mesogloea  has  not  been 
analyzed  separately,  but  is  largely  sea-water,  with  possibly  a  trace  of 
glyco-protein.  It  probably  has  little  calorific  value,  since  the  use  of  a 
store  of  food  would  cause  a  relatively  greater  metabolism  in  large  starv- 
ing cassiopeas  than  was  actually  observed. 

Since  the  lining  of  the  alimentary  tract  is  not  at  the  surface  of  the 
cassiopea  and  0%  must  diffuse  through  at  least  a  millimeter  of  tissue  to 
get  to  it,  it  was  decided  to  pull  off  the  manubrium  and  study  the  metab- 
olism of  the  umbrella.  The  umbrella  is  disk-shaped,  is  covered  on  both 
sides  by  epithelium,  and  pulsates,  thus  circulating  the  water.  The 
wound  made  by  removal  of  the  manubrium  is  of  small  area  and  is 
covered  by  an  epithelium  within  a  few  hours,  and  the  umbrella  will 
live  as  long  as  a  starving  cassiopea.  Some  rough  determinations 
indicate  that  the  respiration  of  the  umbrella  is  only  about  a  fourth  as 
great  as  that  of  the  whole  cassiopea.  Table  17  records  the  measure- 
ments on  3  cassiopeas  and  on  their  umbrellas  after  removal. 

Table  17. 


Diameter. 

Ot  per  hour  -i-  (diain»- 
ter)«. 

Pulsations 
per  seoond. 

Cassiopea. 

Umbrella. 

on, 

3.5 

0.5 

11.5 

0.033 
.021 
.030 

0.0075 
.0041 
.0075 

0.94 
.58 
.63 
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Since  the  respiration  is  influenced  by  the  muscular  activity  or  pulsa- 
tion-rate, and  the  latter  is  not  constant,  it  was  decided  to  remove  the 
ganglia  (rhopalia)  that  induce  the  pulsations  and  start  a  continuous 
contraction-wave  running  around  the  subumbrella  (the  middle  third  of 
which  has  no  neuro-muscular  tissue,  Mayer,  1908).  The  rhopalia 
were  cut  out  by  means  of  a  cork-borer  and  the  wave  started  by  electrical 
stimulation.  It  was  noticed,  however,  that  the  contraction-wave, 
apparently  constant  for  short  intervals  of  time,  changed  more  rapidly 
at  first  and  then  more  slowly,  but  never  became  absolutely  constant, 
the  change  being  perhaps  associated  with  shrinkage  of  the  umbrella. 
The  effect  of  shortening  and  stretching  on  the  contraction-wave  was 
therefore  studied.  The  rate  of  the  contraction-wave  depends  on  the 
rate  of  the  nerve-impulse  around  the  circuit  of  the  nerve-muscle  layer, 
but  does  not  depend  solely  on  the  rate  in  the  neuraxon,  since  there  are 
numerous  synapses,  and  furthermore,  the  path  of  the  impulse  is  zigzag. 
Prof.  L.  R.  Gary  kindly  showed  me  a  stained  preparation  of  the  nervous 
network  of  the  subumbrella.  Concentric  rings  cut  from  the  lunbrella 
are  capable  of  maintaining  a  trapped  wave  for  some  time,  but  if  the 
ring  is  too  narrow,  the  wave  can  not  be  started  or  soon  ceases  after  being 
started.  Trapped  waves  can  be  started  in  2  or  3  concentric  rings  cut 
from  the  umbrella  and  the  wave  revolves  about  the  inner  ring  more 
often  per  second  than  about  the  outer  ring,  but  the  revolutions  per 
second  are  not  in  exact  inverse  proportion  to  the  mean  diameters  of 
the  rings  or  to  the  diameters  of  the  inside  tracks  or  holes  in  the  rings. 
One  subumbrella,  11.5  cm.  in  diameter,  was  cut  into  two  rings  and  waves 
were  trapped  in  them.  The  wave  in  the  inner  ring  made  2.5  revolu- 
tions per  second  and  the  wave  in  the  outer  ring  made  2  revolutions 
per  second. 

The  uncertainty  as  to  the  length  of  the  pace-making  circuit  that  the 
nerve-impulse  takes  aroimd  the  ring  may  be  avoided  by  stretching  the 
inner  edge  of  the  ring  until  it  is  of  the  same  diameter  as  the  outer, 
thxis  transforming  the  ring  into  a  cylinder  or  belt.  Such  a  ring  can 
be  stretched  further  and  behaves  in  a  strikingly  reversible  manner. 
Since  Mayer  (1917)  has  shown  that  the  rate  of  nerve-conduction  in 
Caasiopea  depends  on  temperature  and  electric  conductivity  of  the  sea- 
water,  it  should  be  noted  that  all  the  experiments  in  this  paper,  unless 
otherwise  stated,  were  made  in  sea-water  of  30°  and  CI  =  20.  Mayer 
found  a  variation  of  only  about  2.5  per  cent  over  the  range  of  pH  = 
5.6  to  8.26,  and  this  variation  includes  experimental  errors  and  changes 
due  to  unknown  causes.  In  the  present  experiments  the  pH  was  about 
8.2  unless  otherwise  stated.  The  only  difficulty  in  estimating  the  rate 
of  the  contraction-wave  arose  from  the  fact  that  the  rate  is  1  to  5  per 
cent  faster  in  the  ring  that  has  just  been  stretched  than  in  the  ring  that 
has  just  been  relaxed,  depending  on  the  degree  of  recent  stretching  or 
relaxation.    If,  however,  the  circumference  of  the  ring  is  allowed  to 
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remain  constant  for  5  minutes  after  each  short  step  of  stretching  or 
relaxation,  the  rate  will  approximate  a  mean  value. 

This  behavior  of  the  ring  may  be  regarded  as  a  form  of  hysteresis, 
since  the  number  of  revolutions  per  second  of  the  contraction-wave 
tend  to  remain  constant  immediately  after  stretching  or  relaxation. 
I  do  not  see  how  this  can  be  explained  on  the  assumption  that  the 
stretching  of  the  neuraxon  is  the  only  factor,  and  it  is  significant  to  note 
that  Carlson  records  no  such  hjrsteresis  in  the  stretched  nenre  of  the 
slug,  where  synapses  are  less  numerous  or  entirely  absent.  One  explana- 
tion of  the  increased  rate  immediately  after  stretching  might  be  the 
thinning  of  the  plasma  membrane  of  the  neuraxon,  the  regeneration 
in  thickness  taking  appreciable  time.  Another  suggestion  is  made 
that  the  immediate  effect  of  stretching  is  increase  in  length  of  the  neu- 
raxon, but  that  this  may  be  proportionately  less  than  the  increase  in 
length  of  the  strip  of  tissue,  since  the  nerve-paths  may  be  straightened, 
and  that  the  apparent  hysteresis  is  due  to  the  possibility  that  after  the 
nerve  is  stretched  synapses  gradually  open,  due  to  the  tension,  until 
the  nerve-paths  are  proportionately  as  zigzagged  as  at  the  start. 
This  supposition  may  similarly  be  appUed  to  the  fact  that  by  prodding 
a  cassiopea  (having  a  trapped  wave)  with  a  stick,  the  number  of  revolu- 
tions of  the  wave  per  second  is  reduced,  although  no  apparent  increase 
in  length  of  the  conducting-path  remains.  The  local  stretching  of 
the  subimibrella  with  the  stick  might  break  some  of  the  synapses. 

Such  complicated  suppositions  are  not  very  useful,  however,  since 
they  are  not  easily  tested.  A  more  probable  hypothesis  is  ^ven  below 
in  connection  vnih  the  amplitude  of  the  contraction-wave.  The  sig- 
nificant fact  is  that  (ignoring  the  period  of  readjustment)  the  ring  may 
be  stretched  imtil  the  circimiference  is  increased  72  per  cent  with 
practically  no  change  in  rate  (millimeters  per  second),  although  in 
order  to  accomplish  this  the  number  of  revolutions  per  second  or  pass- 
ages of  the  wave  through  the  same  tissue  may  be  reduced  46  per  cent. 
This  is  analogous  to  the  effect  of  stretching  a  metallic  wire  on  the 
passage  of  an  electric  current  through  it,  with  the  difference  that  the 
process  is  completely  reversible  in  Cassiopea  after  an  increase  of  84 
per  cent  in  length  due  to  stretching.  The  results  on  two  rings  are 
shown  in  table  18,  the  rate  being  ^ven  in  millimeters  per  second. 


Tablb  18. 

Ciroamferenoe 

Rate 

223263283286306  326  346366386406426446466486600  626 
372  413  430  370  390  399  410  414  407  403  391  377  368  360  352  342 

If  the  rate  of  wave  propagation  is  the  same,  we  would  expect  that 
in  umbrellas  of  cassiopeas  of  different  sizes  the  number  of  revolutions 
of  the  wave  per  second  would  be  inversely  proportional  to  the  diam- 
eter.   The  diameter  is  measured  before  the  wave  is  started  and  there 
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is  a  progressive  shrinkage  in  the  diameter,  due  to  starvation  and 

the  regenerating  tissue  after  re- 


Tablb  19. 


1  '^1  a  win  ^^  ftif- 

RevolutioDs  of  wmve  per  teooDd. 

After 

Immedi- 

After 

proddizks 

ately. 

24  houn. 

wiUia 
8tk^. 

CM* 

9.76 

2.38 

2.50 

•  ■  ■  • 

10.50 

1.79 

2.17 

2.04 

10.60 

1.76 

2.17 

2.04 

10.76 

1.76 

2.13 

•  •   •   « 

11.00 

2.38 

2.06 

•  ■   •   • 

11.60 

1.72 

2.22 

•  *   •   • 

11.60 

1.79 

2.22 

»  •  •   • 

12.60 

1.67 

1.72 

1.66 

12.80 

1.67 

2.00 

•   •  •   • 

13.60 

1.61 

1.67 

1.40 

13.60 

1.61 

1.79 

1.62 

14.00 

1.67 

1.79 

■   •  •  • 

decrease  in  volume,  tension  of 
moval  of  the  rhopaUa,  and  in- 
creased tonus  of  the  musculature 
(sometimes  transforming  the  disk 
into  a  cup-shape) .  This  decrease 
in  the  diameter  is  associated  with 
increase  in  revolutions  per  second, 
but  agitation  decreases  the  revo- 
lutions per  second.  It  is  there- 
fore necessary  to  make  the  deter- 
minations under  the  same  con- 
ditions for  strictly  comparative 
results.  The  determinations  in 
table  19  were  rough,  but  serve  to 
indicate  the  general  features. 

A  comparison  of  these  experi- 
ments with  those  on  the  actual 
velocity  of  the  wave  shows  the 
circumference  of  the  potential  a   *  'Vt--^*^    -?.c?,t.2r 

pace-making  circuit  to  be  about  1.8  times  the  diameter. 

If  the  contraction-wave  is  stopped  by  pressure  and  after  a  rest  of 
some  minutes  or  hours  is  started  again,  it  is  slower  than  just  before 
stopping,  but  if  it  is  started  again  as  quickly  as  possible  after  stoppage 
the  rate  is  the  same.  This  effect  of  a  rest  may  be  associated  with 
nutrition  or  recovery  from  fatigue,  since  the  amplitude  of  the  contrac- 
tion-wave is  greater  in  the  rested  umbrella,  although  the  number  of 
revolutions  per  second  is  decreased.  Whether  the  actual  rate  of 
propagation  is  changed  would  be  diflBicult  to  determine.  It  seems  evi- 
dent that  the  wave  of  nerve-impulse  precedes  the  wave  of  muscular 
contraction.  The  contraction  of  the  muscle  must  stretch  the  adjacent 
regions,  and  hence  stretch  the  region  through  which  the  nerve-impulse 
is  passing,  thus  increasing  the  distance  traveled  in  one  revolution  and 
decrea&ing  the  revolutions  per  second.  When  the  amplitude  of  con- 
traction is  increased,  the  stretching  of  the  nerves  is  increased  and  the 
revolutions  per  second  are  decreased,  but  whether  this  can  account  for 
the  total  decrease  has  not  been  determined.  The  speeding-up  of  the 
revolutions  per  second  after  the  trapped  wave  is  started  is  at  firs! 
more  abrupt  and  later  more  gradual,  and  is  associated  with  both  de- 
crease in  amplitude  of  contraction  and  decrease  in  diameter  of  the 
umbrella,  due  to  starvation  and  contraction  of  scar-tissue. 

Evidently  a  change  in  the  number  of  revolutions  per  second  of  the 
trapped  wave  or  the  amplitude  of  the  contractions  would  cause  an  error 
in  the  determination  of  the  effect  of  O2  concentration  on  metabolism, 
and  in  order  to  estimate  the  limits  of  such  errors  the  relative  metabo- 
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lism  of  the  muscle  and  other  tissues  was  studied.  The  umbrellas  of  3 
cassiopeas,  ay  by  and  c,  of  the  same  size  (diameter  =  11.5  cm.)  were  used 
(each  for  a  series  of  experiments).  In  some  experiments  the  rhopalia 
remained  and  the  normal  pulsations  were  generated,  in  others  a  trapped 
wave  was  induced,  and  in  others  the  subumbreUa  was  removed  or 
merely  the  mesogloea  left.  The  apparent  (but  slight)  metabolism  of 
the  mesogloea  was  probably  entirely  due  to  a  few  remnants  of  epithe- 
lium and  to  bacteria,  which  always  attack  the  mesogloea  when  the 
epithelium  is  removed.  At  any  rate,  the  metabolism  of  the  meso- 
gloea is  too  small  to  be  of  significance.  The  pH  was  8.2  and  the  Os 
per  liter  4.5  c.c.  at  the  beginning  of  each  of  the  experiments. 

Table  20. 


Indi- 
vidual. 

Oiper 
hour. 

Parts  of  umbrella  used. 

a 
a 
a 
b 
b 
c 
c 
c 

d 

d 

0.86  o.c. 

0.97 

0.158 

1.12 

1.08 

0.5 

0.6 

0.03 

0.88 

0.7 

Umbrella  with  0.64  pulsation  per  second. 

Umbrella  with  0.64  pulsation  per  second. 

Mesogloea  +  ezumbrella  only. 

Umbrella  with  trapped  wave,  1 .47  per  second. 

Umbrella  with  trapped  wave,  1.47  per  second. 

Umbrella  not  pulsating. 

Umbrella  not  pulsating. 

Mesogloea  +  bacteria. 

Umbrella  with  0.7  pulsation  per  second. 

Umbrella  not  pulsating. 

The  removal  of  the  rhopalia  in  the  umbrellas  with  trapped  waves  or 
without  pulsations  reduced  but  slightly  the  amount  of  tissue.  If  we 
take  the  metabolism  of  the  normal  pulsating  umbrella  at  100,  the 
exumbrella  is  about  14  and  the  resting  subumbrella  60,  with  an  addition 
of  26  for  normal  pulsations  or  65  for  trapped  wave.  Therefore,  the 
neuro-muscular  tissue  may  perform  about  26  to  46  per  cent  of  the 
metabolism,  and  changes  in  rate  or  amplitude  of  the  contraction-wave 
are  to  be  avoided  as  much  as  possible. 

In  subsequent  experiments,  the  manubrium  and  rhopalia  were 
removed  from  the  cassiopea  and  a  C-shaped  cut  was  made  through  the 
neuro-muscular  layer,  about  one-third  the  radius  from  the  outermargin 
of  the  umbrella,  and  a  trapped  wave  was  induced  by  stimulation  near 
the  outer  margin.  The  wave  passed  around  the  outer  part  of  the 
subumbrella,  and  each  time  it  passed  the  opening  of  the  C  it  spread 
to  the  inner  part,  dividing  into  two  equal  waves,  meeting  on  the  far 
side  with  mutual  destruction.  In  this  way  the  outer  part,  in  which  the 
trapped  wave  was  first  induced,  was  made  pacemaker  and  the  result 
was  a  more  permanent  wave.  The  wave  causes  circulation  of  water 
against  all  parts  of  the  epithelium  except  a  small  portion  of  the  exum- 
brella which  has  a  very  low  metabolism.  If  the  oxygen  concentration 
was  reduced  to  zero,  the  wave  stopped  and  metabolism  ceased  imtil 
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oxygen  was  readmitted.  In  one  experiment  an  umbrella  was  kept  7 
hours  at  zero  O2  concentration,  then  3  hours  with  0%  and  a  trapped 
wave,  and  7  hours  at  zero  O2  concentration,  during  which  it  gave  out 
no  CO2  or  other  add  products  affecting  the  pH  perceptibly ;  30  seconds 
after  it  was  taken  out  of  the  Qrf ree  chamber  a  trapped  wave  was  started 
and  this  constantly  increased  in  amplitude  for  10  minutes,  at  the  end 
of  which  time  the  amplitude  was  normal. 

Oxygen  was  removed  from  sea-water  in  various  ways,  with  the  air- 
pxunp  and  agitation,  by  boiling,  and  by  allowing  a  cassiopea  to  remain 
in  it  until  the  pulsations  ceased,  as  seen  through  a  peep-hole  in  such 
a  way  that  photosynthesis  was  practically  avoided.  In  no  case  did 
the  analysis  show  less  than  about  0.05  c.c.  per  liter,  but  that  amount 
probably  entered  with  the  KI  and  MnCU  solutions  and  aroimd  the 
ground  stopper  of  the  analysis  bottle.  At  any  rate,  we  should  con- 
sider 0.05  c.c.  to  be  within  the  limit  of  error  of  the  method  if  no  correc- 
tion were  made  for  O2  in  the  reagents. 

The  variation  in  metabolism  after  removal  of  the  manubrium  and 
initiation  of  a  trapped  wave  is  shown  in  table  21 .  The  diameter  of  the 
mnbrella  was  11.5  cm.  at  the  b^inning  of  the  first  experiment  and  at 
the  banning  of  each  experiment  the  pH  was  8.2  and  the  Os  per  liter 
4.5  c.c.  It  is  evident  that  the  metaboUc  rate  may  vary  rapidly  for  3 
hours  after  the  manubrium  is  removed  and  the  trapped  wave  is  started ; 
therefore,  in  the  subsequent  experiments  the  xunbrella  was  not  placed 
in  the  respiration  chamber  imtil  these  3  hours  had  passed.  The  same 
imibrella  used  in  the  above  experiments  but  21  hours  after  the  opera- 
tion was  used  to  determine  the  effect  of  reduced  oxygen  concentration. 
The  average  O2  concentration  during  the  experiment  was  1.5  c.c.  per 
liter  and  the  0%  used  per  hour  1.03  c.c,  being  a  decline  of  20  per  cent 
in  rate  of  oxidation,  with  a  reduction  of  the  oxygen-concentration  to 
about  half  its  original  value.  This  and  some  later  experiments  are 
as  shown  in  table  22. 

These  determinations  show  that  oxidation  is  reduced  about  20  per 
cent  when  the  O2  concentration  is  reduced  about  50  per  cent;  or  the 
oxidation  increases  about  25  per  cent  when  the  O2  concentration  is 
increased  about  100  per  cent. 

The  above  experiments  show  that  the  rate  of  oxidation  varies  with 
the  tension  of  oxygen  in  the  sea-water  constantly  circulated  against 
the  surface  of  the  epithelium  in  which  oxidation  takes  place.  In  the 
total  absence  of  oxygen  no  measurable  quantity  of  CO2  or  other  acid 
products  are  given  out,  and  we  may  infer  that  the  metabolism  is  sus- 
pended. If  oxygen  is  readmitted  after  a  suspension  of  the  metabolism 
for  7  hours,  the  rate  of  metabolism  rises  apparently  to  the  normal 
within  10  minutes.  No  anaerobic  processes  were  detected  during 
absence  of  oxygen  for  7  hours,  but  in  the  absence  of  oxygen  for  16  hours, 
anaerobic  or  hydrolytic  processes  take  place.    No  evidence  was  found 
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to  indicate  that  these  anaerobic  processes  constituted  the  metabolism 
of  the  cassiopea.  On  the  contrary,  a  great  multiplication  of  bacteria 
was  associated  with  them,  and  the  cassiopea  was  partly  dissolved  and 


Tabud  21. 


Tabud  22. 


Hours  after 
operation. 

OtUMd 
per  hour. 

Revolutioiia 

of  wave 
per  seoond. 

Ot  used  per  hour. 

At  3.3  0.0. 
Ot  per  liter. 

At  1.5  CO. 
Ot  per  liter. 

0 
2 
3 

4 

5 

20 

cc 

1.65 

1.55 

1.30 

1.30 

1.30 

1.30 

1.60 
2.00 
2.22 
2.22 
2.22 
2.22 

1.3 

1.3 

1.4 

1.48 

1.44 

1.35 

1.03 
1.00 
1.10 
1.15 
1.25 
1.05 

could  not  be  revived  by  readmission  of  oxygen.  We  may  assume  that 
oxygen  protects  the  cassiopea  from  the  attacks  of  bactaria  (probably 
anaerobes).  Since  the  bacteria  enter  from  the  surface,  it  seems  prob- 
able that  the  cassiopea  might  live  indefinitely  on  so  small  a  supply  of 
oxygen  that  it  is  used  in  the  superficial  cells  as  fast  as  it  diffuses  into 
them,  and  none  reaches  the  deeper  cells.  If  this  be  true,  the  variation 
in  oxygen  consumption  with  variation  of  supply  might  be  the  expression 
of  a  variation  in  the  number  of  cells  receiving  oxygen.  In  other  words, 
this  would  be  a  diffusion  phenomenon. 

Another  hypothesis  is  that  the  tension  of  oxygen  at  the  seat  of 
oxidation  affects  the  rate.  Warburg  has  shown  that  cell  oxidation  is 
associated  with  structure  and  that  no  enzyme  solution  has  been 
obtained  that  will  account  for  the  vital  oxidation  of  foodstuffs.  If  the 
structure  or  surface  responsible  for  the  oxidations  is  designated  as  the 
catalyst,  it  seems  possible  that  the  tension  of  oxygen  in  the  immediate 
vicinity  of  the  catalyst  influences  the  rate.  This  influence  of  tension 
on  rate  might  still  be  a  diffusion  phenomenon,  since  the  O2  must  diffuse 
toward  the  structure-catalyst  or  oxidase  molecule. 

Owing  to  the  excellent  review  of  the  literature  on  the  subject  of  this 
paper  by  Krogh,  it  seems  unnecessary  to  multiply  references.  Roughly 
speaking,  and  within  physiological  limits,  animal  oxidation  is  about 
doubled  with  10®  rise  in  temperature,  and  this  is  shown  here  to  be  true 
of  Cassiopea.  In  other  words,  oxidation  is  an  exponential  function  of 
the  temperature  as  expressed  in  the  following  equation: 

where  Vt  is  the  velocity  of  oxidation  at  t^  and  Vo  at  0°.  This  relation 
holds  approximately  true  for  a  number  of  chemical  reactions  and  is 
suppos^  to  be  due  partly  to  change  in  diffusion-rate  and  partly  to 
loosening  of  bonds  in  the  reacting  molecules  and  to  ionization.  Diffu- 
sion depends  on  viscosity  and  tension  (osmotic  pressure).    A  fall  of 
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temperature  from  30^  to  20^  increases  the  viscosity  of  water  about 
25  per  cent,  and  of  a  40  per  cent  sucrose  solution  42  per  cent,  and  of  a 
3  per  cent  gelatine  solution  1,000  per  cent  (von  Schroeder).  The 
increase  in  viscosity  of  gelatine,  however,does  not  cause  a  proportionate 
decrease  in  diffusion.  We  may  assume  that  this  fall  of  temperature 
may  possibly  cause  about  30  per  cent  decrease  in  diffusion  of  02  within 
the  cell,  due  to  viscosity  alone.  Tension  is  proportional  to  the  absolute 
temperature.  Although  diffusion  accoimts  for  only  about  a  third  of 
the  change  in  rate  of  oxidation  with  temperature,  it  is  undoubtedly 
a  factor.  Since  diffusion  affects  oxidation  and  concentration-gradient 
affects  diffusion,  it  seems  very  probable  that  concentration  of  Ot  should 
affect  oxidation,  even  though  every  cell  received  some  oxygen. 

Krogh  interprets  the  experimente  on  warm-blooded  animals  as  show- 
ing increased  oxidation  with  increased  oxygen  tension,  and  reviews  the 
work  of  Thimberg,  showing  the  same  effect  to  a  greater  degree  on  cold- 
blooded animals.  Henze  (1910a)  found  that  the  oxidation-rate  of  sea- 
anemones  and  annelids  varies  with  O2  concentration  (and  of  nudibranchs 
at  low  concentrations)  and  supposed  that  only  a  varying  fraction  of 
the  cells  received  oxygen;  his  tables  show  that  the  oxidation-rate 
of  Crustacea  and  jelly-fish  fell  rapidly  with  time,  but  that  in  one 
series  of  determinations  on  Pelagia,  the  oxidation-rate  varied  reversibly 
with  Oj  concentration.  In  order  to  reduce  the  diffusion  effect,  he  kept 
sea-urchin  eggs  agitated  in  sea-water  and  found  that  the  oxidation-rate 
apparently  increased  about  8  per  cent  on  doubling  the  Qs  concentra- 
tion. Henze  attributes  this  apparent  difference  in  respiration  to 
faulty  technique,  but  since  the  experiments  have  not  been  repeated 
with  improved  technique,  we  may  assume  that  a  real  difference  exists. 

It  is  interesting  to  compare  the  metabolism  of  Cassiopea  with  that 
of  jelly-fish  studied  by  Vernon.  Since  only  the  living  cells  metabolize, 
it  would  be  an  advantage  to  know  the  proportion  of  cellular  tissue  to 
the  body-weight,  but  there  is  no  data  on  this  subject.  The  skeletal 
structure,  mesogloea,  contains  less  organic  matter  than  the  cells,  and 
hence  the  percentage  of  organic  matter  in  the  body  is  a  partial  indica- 
tion of  the  cellular  mass.  The  proportion  of  mesoglea  increases  with 
the  size  of  the  individual  within  the  same  species,  but  there  can  be  no 


Table  23. 


Species. 

Weight  of 
individual. 

Cubic  centimeten 
Ot  per  hour. 

Per  kilo 
body. 

Per  kilo 
organic 
matter. 

Cassiopeft  zamaohana 

Cannarina  haatata 

Ceatus  veneria 

fftn, 

100 

39 

70 

12.5 

7.7 
3.76 

1,040 
2,025 
1,562 
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strict  comparison  between  different  species  in  this  regard,  and  therefore 
the  comparison  is  very  crude.  The  cubic  centimeters  of  Oj  per  hour 
per  kilogram  of  body-weight  and  per  kilogram  of  organic  matter  ( ^  dry 
weight— weight  of  salts  in  equal  volimie  of  sea-water)  at  20**  is  given 
in  table  23.    The  agreement  is  about  as  close  as  could  be  expected. 

Vernon  has  compared  the  metabolism  (per  unit  weight  of  organic 
matter)  of  jelly-fish,  molluscs,  tunicates,  and  vertebrates,  and  shown  it 
to  be  remarkably  constant.  Krogh  (omitting  jelly-fish,  but  including 
^gs  and  insects)  obtained  the  greatest  differences  when  the  total 
body-weights  were  used,  but  the  differences  probably  do  not  exceed  the 
differences  in  water-content  and  in  muscular  activity.  He  found  the 
metabolism  of  a  young  dog  with  body-temperature  lowered  to  20° 
during  the  experiment  to  be  greater  than  that  of  cold-blooded  animals 
at  the  same  temperature;  but  if  we  calculate  the  metabolism  of  the 
average  dog  for  20°,  using  a  reasonably  high  temperature  coefficient, 
the  agreement  is  more  satisfactory.  We  should  not  expect  close  agree- 
ment unless  water  and  mineral  salts  and  fibrous  tissue  are  excluded 
from  the  weight  and  the  activity  of  the  nervous  sjrstem  is  abolished. 
The  chief  factor  in  lowering  the  metabolism  of  hibernating  mammals 
is  probably  the  fall  in  body-temperature  (the  body-temperature  may  be 
as  low  as  6°). 

It  seems  probable  that  the  chief  distinction  in  the  calorimetry  of 
warm-blooded  and  cold-blooded  animals  is  in  insulation  (sensitivity 
to  cold  being  the  regulatjing  factor).  All  warm-blooded  animals  are 
air-breathing,  and  air  brings  much  oxygen  and  takes  away  little  heat. 
The  center  of  a  cluster  of  bees  in  winter  may  be  40°  above  that  of  the 
air  bathing  it. 

The  heat-production  in  a  100-gram  cassiopea  at  30°  is  sufficient 
to  raise  its  body-temperature  0.14°  per  hour  above  that  of  the  sur- 
rounding water,  but  no  such  difference  in  temperature  has  been 
observed,  because  the  heat  generated  is  conducted  away  by  the  water 
bringing  the  oxygen.  I  found  that  a  fish  weighing  1.4  grams  used 
0.825  c.c.  O2  per  hour  at  30°,  which  is  sufficient  to  raise  its  body- 
temperature  about  3°  per  hour,  but  during  this  time  it  was  required 
to  breathe  400  c.c.  of  sea-water,  even  though  it  removed  half  of  the 
oxygen  from  water  saturated  with  air  at  this  temperature.  The  water 
circulating  through  the  gills  could  remove  the  heat  generated  if  the 
body-temperature  were  0.01°  above  that  of  the  water.  Since  the  fish 
probably  removed  much  less  than  half  the  oxygen  from  the  water  in  one 
passage  through  the  gills,  the  body-temperature  was  probably  much 
less  than  0.01°  above  that  of  the  water.  Rogers  and  Lewis  could  detect 
no  difference  between  the  body-temperature  of  fish,  salamanders, 
clams,  and  earthworms  and  the  water  in  the  thermostat  in  which  they 
were  placed,  after  they  had  been  in  the  thermostat  long  enough  for 
equilibrium.  They  used  a  thermo-couple,  and  one  division  of  the  gal- 
vanometer scale  corresponded  to  0.0042°. 
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It  was  shown  that  the  metabolism  of  Caseiopea  is  proportional  to  its 
surface  and  not  to  its  weight  (W),  but  to  IF'.  This  is  due  to  the  fact 
that  the  metabolism  is  confined  to  the  living  cells  and  that  theee  con- 
stitute a  superficial  epithelixmii  whose  thickness  is  about  the  same  in 
cassiopeas  of  the  range  of  sizes  studied.  We  might  use  these  results 
in  an  attempt  to  explain  the  so-called  surface-law  of  warm-blooded 
animals.  Dreyer,  Ray,  and  Walker  have  shown  that  the  blood-volume 
and  cross-sections  of  the  aorta  and  trachea  are  proportional  to  TF* 
(or  surface).  If  animals  were  of  the  same  shape  (internally  as  well  as 
externally),  the  cross-sections  of  all  organs  would  be  proportional  to 
TT',  but  the  blood-volimie  would  be  proportional  to  the  wdght  (W). 
If  the  blood-volume  is  proportional  to  TF*,  the  whole  circulatory  system 
would  be  nearly  proportional  to  IF',  and  owing  to  the  close  relation 
between  the  lungs  and  the  blood  the  volume  of  the  lungs  would  be 
nearly  proportional  to  TF*.  The  volume  of  the  skin  may  be  propor- 
tional to  TF'  and  the  volume  of  the  wall  of  the  alimentary  tract  nearly 
so.  The  nerve,  muscle,  and  glandular  tissues  are  excitable,  and  hence 
their  metabolism  must  vary.  Variable  components  may  be  excluded 
from  basal  metabolism  by  definition,  but  can  not  all  be  eliminated  in 
making  measurements.  Only  the  skeleton  can  be  said  to  have  a  con- 
stant metabolism  proportional  to  TF,  and  since  the  red  bone-marrow 
produces  blood  (erythrocytes)  and  this  is  proportional  to  the  surface, 
the  metabolism  of  some  of  the  bones  may  be  nearly  proportional  to  the 
surface.  Benedict  has  shown  that  great  variations  from  the  surface 
law  exist,  and  hence  it  may  be  only  accidental. 

The  fact  that  the  excitable  tissues  metabolize  more  per  unit  weight 
in  small  animals  than  in  large  (t.  6.,  proportional  to  a  smaller  power  of 
W  than  unity)  is  true,  not  only  for  warm-blooded  animals,  but  also 
for  cold-blooded  animals,  to  which  the  teleological  principle  of  the 
surface  law  (in  relation  to  heat  regulation)  does  not  apply.  It  seems 
possible,  however,  that  the  chief  conditions  necessary  for  the  evolution 
of  temperature-regulation  in  animals  were:  (1)  air  breathing;  (2)  large 
body  size;  (3)  sensitivity  to  low  temperatures;  (4)  variation  of  activity 
of  excitable  tissues  with  size;  and  (5)  epithelial  type  of  architecture, 
4  and  5  being  more  characteristic  of  cold-blooded  animals. 

It  is  hoped  that  the  fact  that  metabolism  varies  with  O2  tension  may 
explain  the  increase  in  metabolism  in  certain  types  of  acidosis.  Lusk 
and  Richie  have  shown  that  certain  amino  acids  have  a  specific 
dynamic  action  and  Benedict  asserts  that  it  has  been  demonstrated 
that  there  is  a  distinct  increase  in  the  basal  metabolism  with  the  aci- 
dosis resulting  from  the  ingestion  of  a  carbohydrate-free  diet.  It  is 
not  assumed  that  amino  acids  dissociate  enough  H  ions  or  neutralize 
enough  base  to  cause  acidosis,  and  whether  there  is  any  relation 
between  the  phenomena  discussed  by  Lusk  and  by  Benedict  may  be 
open  to  question,  but  it  seems  clear  that  increased  metabolism  may 
accompany  acidosis. 
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Acidosis  develops  in  the  acclimatization  to  high  altitudes  and 
persists  some  tune  after  the  descent,  during  which  time  the  subject 
feels  more  vigorous  (Schneider).  Diuing  acidosis  the  ventilation  of 
the  lungs  is  increased  to  such  an  extent  that  the  alveolar  air  is  increased, 
and  therefore  the  Os  in  the  blood-plasma  is  increased  and  that  in  the 
hemoglobin  is  increased  if  it  is  not  already  saturated.  Increased 
respiratory  movements  tend  to  increase  the  heart-rate  and  hence  the 
circulation,  with  better  oxygen  transfer  to  the  tissues  and  increased 
oxidation.  This  effect  may  be  small,  and  may  be  too  small  to  account 
for  the  total  increase  in  metabolism,  but  is  worthy  of  consideration. 
Basmussen  has  shown  mild  acidosis  in  case  of  the  hibernating  wood- 
chuck  with  very  much  lowered  O2  tension  of  venous  blood,  but  evi- 
dently the  sensitivity  of  the  respiratory  center  falls  during  hibernation. 

It  was  shown  by  Warburg  that  the  metabolism  of  sea-urchin  ^;gB 
may  be  stimulated,  but  these  are  to  be  considered  irritable  cells  in  the 
same  class  with  muscle.  It  may  be  that  the  metabolism  of  all  cells 
can  be  stimulated,  but  they  are  not  equally  sensitive.  Changes  in 
hydrogen-ion  concentration  of  the  sea-water  effective  on  sea-urchin 
eggs  are  not  nearly  so  effective  on  the  cells  of  Cassiopea  (possibly 
because  the  pH  of  the  sea-water  changes  before  reaching  the  cells). 
Benedict  claims  that  the  basal  metabolism  of  the  human  body  may  be 
stimulated,  but  it  is  difficult  to  estimate  basal  metabolism  on  account 
of  the  unavoidable  activity  of  some  excitable  organs.  Cutting  the 
nerves  is  of  no  advantage,  since  Langley  and  Itagski  showed  that  the 
oxygen  cousimiption  of  denervated  muscle  is  much  greater  than  that 
of  normal  resting  muscle.  What  cells  are  stimulated  in  Benedict's 
experiments  is  not  clear.  He  adds  that  changes  in  the  pulse-rate 
accompany  changes  in  the  basal  metabolism,  and  thus  admits  that 
irritable  cells  of  the  complex  neuro-muscular  organization  of  the  body 
are  concerned  in  the  phenomenon.  If  the  respiratory  or  vasomotor 
centers  are  concerned  in  the  increased  metabolism,  O2  tension  in  the 
tissues  may  be  a  factor.  Verz&  showed  that  resting  muscle  and  active 
heart  use  more  oxygen  when  there  is  more  in  the  blood.  The  sub- 
maxillary gland  used  oxygen  at  the  same  rate  in  all  experiments,  but 
suffocation  of  the  animal  occurred  when  the  oxygen  tension  in  the  gland 
was  about  40  mm.  Rasmussen  (see  also  Dubois)  has  shown  that  the 
oxygen  concentration  of  the  venous  blood  of  marmots  (woodchucks) 
is  lowered  during  hibernation,  although  the  oxygen  capacity  of  the  blood 
remains  the  same.  This  shows  that  the  O2  tension  of  the  blood  is 
lowered  both  by  fall  in  concentration  and  temperature,  and  this  may  be 
a  factor  in  the  lowered  metabolism.  The  Oj  concentration  of  the  arte- 
rial blood  is  not  reduced,  but  the  rate  of  blood-flow  is  very  much  reduced, 
so  that  less  oxygen  is  carried  to  the  tissues. 
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ON  THE  CHEMICAL  PRECIPITATION  OF  aCO,  IN  SEA-WATER.* 

The  question  of  the  solubility  of  calcite  and  aragonite  in  sea-water 
is  a  matter  of  interest  in  relation  to  the  geology  of  limestone  and  dolo- 
mite. Murray  and  Hjort  maintain  that  sea-water  is  so  complicated 
a  mixture  that  the  solubility  of  CaCOs  can  not  be  calculated  with  cer- 
tainty (from  the  law  of  mass  action),  but  that  the  experiments  of  An- 
derson and  of  Cohen  and  Raben  show  that  sea-water  is  saturated  with 
calcite.  They  add  (p.  181)  that  dolomite  is  less  soluble  than  calcite 
in  carbonated  water.  Their  book  sxunmarizes  observations  showing 
that  calcium  carbonate  is  precipitated  in  shallow  tropical  waters,  but 
that  even  shells  are  dissolved  in  the  red-clay  bottoms  of  the  depths. 

Mayer  (1916)  placed  pieces  of  Cassis  shell  in  sea-water  for  more  than 
a  year  and  found  that  they  maintained  their  weight  within  about  0.1 
per  cent.  The  precipitation  of  CaCOt  at  Tortugas  was  studied  by  T. 
Wayland  Vaughan,  R.  B.  Dole,  and  G.  H.  Drew.  Drew  observed  that 
a  denitrifying  bacillus,  Pseudomonas  calcis,  obtained  from  the  sea-water 
was  capable  of  changing  calcium  nitrate  to  calcium  carbonate  in  cul- 
ture media  and  supposed  a  similar  process  to  occur  in  sea-water.  Since 
Vaughan  has  observed  that  calcium  carbonate  is  constantly  precipi- 
tating at  Tortugas,  Drew's  hypothesis  necessitates  the  presence  of  an 
appreciable  amount  of  nitrates  or  nitrites,  and  I  have  attempted  to 
determine  them. 

A  half  liter  of  sea-water  was  boiled  in  an  all-glass  still  and  the  distil- 
late collected  in  a  series  of  25  c.c.  Nessler's  tubes;  another  series  of 
Nessler's  tubes  were  filled  with  a  graded  series  of  concentrations  of 
ammonium  chloride;  1  c.c.  of  Nessler's  reagent  was  added  to  each  tube 
and  agitated;  after  15  minutes  the  tubes  were  compared  colorimetri- 
cally  and  the  ammonia  recovered  from  the  sea-water  was  estimated; 
after  no  more  ammonia  could  be  distilled  from  the  sea-water,  amal- 
gamated aluminium  shavings  were  introduced  into  the  still  and  the 
distillation  process  was  repeated.  The  ammonia  recovered  was  formed 
by  reduction  of  nitrates  and  nitrites.  Duplicate  analj^ses  gave  less 
than  0.01  mg.  of  nitrogen  per  liter  as  ammonia  and  less  than  0.01  mg. 
nitrogen  per  liter  as  nitrates  and  nitrites.  Raben  found  more  than 
10  times  these  quantities  in  North  Sea  water  (Murray  and  Hjort, 
p.  368).  Evidently  Pseudomonas  calcis  and  other  oi^nisms  have 
almost  completely  removed  the  fixed  nitrogen  from  Tortufeas  sea- 
water.  The  effect  of  this  probably  explains  the  scarcity  of  life  in 
the  vicinity  of  Tortugas  as  compared  with  colder  seas  (law  of  mini- 
mum). There  is,  however,  a  constant  renewal  of  fixed  nitrogen  from 
the  atmosphere,  from  the  decay  of  organisms,  and  probably  from  water 
rising  from  the  depths  of  the  ocean.  If  Pseudomonas  calcis  is  an  im- 
portant agent  in  the  precipitation  of  CaCOs,  its  action  is  evidently  more 

*The  oontent  of  this  seotion  was  publiriied  as  a  separate  paper  in  the  Proo.  Nat.  Aoad.  Sci., 
1917,  m.  612. 
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intense  in  places  where  calcium  salts,  nitrates,  and  nitrites  are  carried 
from  the  land  into  the  sea. 

That  calcium  carbonate  is  withdrawn  from  surface  waters  of  the  sea 
is  shown  by  chemical  analyses.  Dittmar  found  an  average  of  0.44 
per  cent  less  calciiun  in  surface  waters  than  in  deeper  waters.  This  is 
true,  notwithstanding  the  fact  that  calciiun  carbonate  is  constantly 
being  added  to  the  surface  waters.  The  drainage  of  the  land  contains 
an  excess  of  calciiun  carbonate  and  flows  out  on  the  surface  of  the  sea, 
where  the  water  evaporates,  leaving  the  excess  of  CaCOs  in  the  sea- 
water.  The  action  of  organisms  in  building  calcareous  structures  may 
account  for  a  large  part  of  the  depletion  of  surface  waters,  but  the  pre- 
cipitation of  calcareous  mud  at  Tortugas  has  been  observed  by  Vauf^ian. 

The  analysis  of  the  calcium  content  of  sea-water  requires  double 
precipitation  and  filtration  for  separation  from  magnesium,  and  hence 
large  samples  and  great  care  are  required  for  accuracy.  Theoretically, 
however,  we  may  detect  differences  in  calcium  content  by  titration. 
Dittmar  showed  that  sea-water  is  remarkably  constant  in  composition, 
except  for  H2O,  calcium,  and  gases.  The  water  content  is  inversely 
proportional  to  CI  and  the  gases  may  be  eliminated  by  boiling  after 
the  addition  of  enough  acid  to  decompose  the  carbonates.  If  we  dis- 
r^ard  carbonic  acid,  there  is  an  excess  of  bases  in  sea-water — t.  6., 
the  sum  of  the  base  equivalents  is  greater  than  the  sum  of  acid  equiva- 
lents. Since  calcium  is  added  to  or  taken  from  sea-water  in  the  form 
of  CaCOs,  any  change  in  the  calcium  content  causes  an  equivalent 
change  in  the  excess  base  or  alkaline  reserve,  as  it  is  called  by  chemists. 
The  alkaline  reserve  may  be  titrated  while  boiling  the  sea-water  to 
eliminate  COj.  The  exact  value  of  the  titration  depends  on  the  indi- 
cator used  and  the  exact  color  of  the  indicator  that  is  taken  as  the  end- 
point;  hence  only  those  titrations  done  in  the  same  manner  can  be 
strictly  compared  (see  method  described  in  first  part  of  this  paper). 
The  alkaline  reserve  per  liter  was  recorded  and  some  titrations  were 
made  at  20^  and  others  at  30^,  but  the  errors  due  to  change  in  volume 
of  the  sea-water  is  within  the  limits  of  accuracy  of  the  method.  If  the 
sea-water  is  diluted  with  rain-water,  the  alkaline  reserve  will  be  low- 
ered, but  this  error  may  be  compensated  by  dividing  by  CI.  In  other 
words,  a  change  in  the  quotient  of  the  alkaline  reserve  by  CI  indicates 
a  gain  or  loss  of  CaCOs. 

Table  24. 


Se»-water  from — 


San  Diego 

Wood's  Hole 

Gulf  Stream,  off  Miami 

Gulf  Stream,  off  Tortucas 

Average,  Tortugas,  June  and  July . . 
Average,  Key  West,  June  and  July . 


Alkaline 
reserve. 

0.00236 
.00240 
.0026 
.0026 
.00247 
.00237 


a. 


18.7 
17.7 
19.9 
19.9 
20.0 
20.0 


Alk. 


a 


X  10,000 


1.267 
1.366 
1.267 
1.267 
1.236 
1.186 
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Table  24  indicateB  that  some  CaCOs  has  been  removed  from  Tor- 
tugas  sea-water,  as  compared  with  other  sea-water,  and  to  a  greater 
extent  from  Key  West  sea-water.  In  other  words,  the  precipitation 
observed  by  Vaughan  is  not  due  to  a  greater  amount  of  calciimi  in 
Tortugas  or  Key  West  sea-water,  but  to  local  conditions  which  cause 
the  precipitate  to  form. 

According  to  the  law  of  mass-action,  in  a  saturated  solution  of 
CaCOs,  in  sea-water  at  constant  ten^perature,  salinity,  etc., 

[Ca-  •]  X  [COi'1  =  a  constant 

Not  all  of  the  calciiun  is,  however,  in  the  form  of  CaCOs  and  Ca  ", 
for  some  is  undissociated  CaCU,  CaS04,  Ca(0H)2,  and  CaHCOs. 
The  chlorides  and  sulphates  are  constant,  but  [CaHCOs]  and  [Ca(0H)2] 
change  with  the  total  COs  content  of  the  sea-water.  But  I  have  shown 
(McClendon,  1917b)  that  if  the  alkaline  reserve  remains  constant  the 
total  COf  of  the  sea-water  (within  limits  found  in  nature)  varies 
inversely  with  the  pH  (=  —log.  H*  concentration).  Hence  the  de- 
termination of  the  pH  may  be  substituted  for  that  of  the  total  COs. 

The  determinations  I  have  made  of  the  water  of  the  Pacific  and 
North  Atlantic  showed  the  pH  to  vary  from  about  8.1  to  8.25  and  those 
of  Dr.  A.  G.  Ma>er  in  the  Pacific  showed  only  a  little  wider  range 
(table  11).  Earlier  observations  at  Tortugas  gave  the  same  range,  but 
my  more  extended  observations  in  this  summer  of  1917  show  the 
inadequacy  of  a  few  determinations.  The  pH  is  influenced  by  plant 
and  animal  life  and  rises  at  Tortugas  to  8.35  during  the  day  over  well- 
lighted  bottoms  rich  in  vegetation,  and  falls  to  8.18  during  the  night. 
It  may  be  said,  therefore,  that  conditions  in  shallow  water  over  eel- 
grass  or  other  seaweed  or  corals  (with  symbiotic  algsB)  favor  the  pre- 
cipitation of  CaCOs.^ 

The  question  arises  whether  the  occasional  high  pH  of  Tortugas  sea- 
water  is  sufficient  to  explain  the  precipitation  of  CaCOs,  or  whether 
nuclei  for  the  separation  of  the  solid  phase  are  necessary.  A  large 
amount  of  CaCU  may  be  added  to  sea-water  without  causing  a  pre- 
cipitation. If  the  pH  is  increased  by  the  addition  of  NaOH,  the  result 
depends  on  the  speed  at  which  the  alkali  is  added.  If  the  NaOH  is 
added  suddenly  in  the  form  of  a  strong  solution,  colloidal  precipitation 
membranes  form  about  the  drops  and  if  the  membranes  are  broken  by 
shaking  or  stirring,  a  great  mass  of  Mg(0H)2  is  included  in  the  pre- 
cipitate. If  a  very  dilute  solution  of  NaOH  is  added  very  slowly, 
CaCOs  possibly  contaminated  with  Mg(0H)2  is  precipitated.  The 
exact  pH  at  which  precipitation  first  occurs  can  not  be  determined  by 
this  method,  as  the  first  precipitation  occurs  before  the  solutions  are 
mixed  and  the  crystals  thus  formed  serve  as  nuclei  for  further  precipita- 

^It  would  be  interesting  to  know  whether  corals  and  calcareous  alg»  dqx>6it  as  much  CaCOt  in 
the  dark  as  in  the  light.  Corals  from  deep  water  are  smaller,  more  fragile,  and  deposit  less 
CaCOt  than  those  of  shallow  water,  but  the  same  is  true  of  <iTiimidii  without  ssonbiotic  algffi.  The 
deposition  is,  however,  related  to  the  pH,  since  Palitssch  has  shown  that  the  pH  decreases  ydth 
depth. 
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tion.  If  Tortugas  sea-water  is  kept  in  glass  bottles,  precipitation 
occurs  on  the  glass  while  the  pH  of  the  water  is  within  the  natural 
limits,  but  the  pH  at  the  glass  surface  is  higher,  due  to  solution  of  glass. 

Although  the  pH  at  which  precipitation  would  occiu*  without  nuclei 
for  the  separation  of  the  solid  phase  may  be  practically  impossible  to 
determine,  the  final  equilibrium  with  an  abundance  of  nuclei  is  not  a 
difficult  problem.  Caicite  and  aragonite  crystals  to  serve  as  nuclei 
were  produced  by  the  methods  of  Johnston,  Merwin,  and  Williamson. 
The  crystals  were  examined  imder  the  microscope  and  tested  with 
cobalt-nitrate  solution.  These  observations,  together  with  the  mode 
of  preparation,  leave  little  doubt  that  the  crystals  actually  were  caicite 
and  aragonite.  Under  the  microscope  an  occasional  caicite  crystal 
could  be  f  oimd  among  the  aragonite  crystals,  but  the  niunber  was  not 
sufficient  to  affect  the  cobalt-nitrate  test.  These  caicite  crystals 
seemingly  grew  slightly  during  the  experiments,  but  apparently  no 
new  ones  were  formed.  To  determine  the  equilibria,  crystals  were 
mechanically  stirred  or  shaken  with  sea-water  in  ^'nonsol"  flasks,  6  to 
14  hours  at  30^ ;  then  the  pH  and  alkaline  reserve  were  determined. 

The  results  of  agitating  100  grams  of  caicite  crystals  with  a  hter  of 
sea-water  until  equilibriiun  was  approximately  reached  also  appear  in 
figure  7.  The  alkaline  reserve  is  measured  on  the  ordinate  and  the 
pH  on  the  abscissa.  This  shows  that  sea-water  of  the  surface  of  the 
oceans  of  the  whole  world  is  supersat\u*ated  in  respect  to  caicite.  We 
may  therefore  conclude  that  suitable  nuclei  for  the  precipitation  of 
caicite  are  absent  or  deficient  in  niunber.  The  solubility  of  crystals 
varies  inversely  with  their  size,  but  after  they  have  attained  sufficient 
size  to  be  readily  examined  with  low  powers  of  the  microscope  f  luilier 
increase  has  an  upappreciable  effect  on  solubility.  But  such  crystals, 
if  present,  would  rapidly  gravitate  to  the  bottom  of  the  sea;  hence  the 
absence  of  nuclei  for  precipitation  of  caicite  is  what  one  mi^t  expect. 

Aragonite  is  said  to  be  about  10  per  cent  more  soluble  than  caicite, 
but  no  difference  in  the  point  of  equilibriiun  of  the  two  substances  with 
sea-water  was  detected  in  these  experiments  (fig.  8).  This  may  be 
explained  by  the  fact  that  a  few  caicite  crystals  were  mixed  with  the 
aragonite,  equilibrium  was  only  approximated,  and  there  were  slight 
errors  in  the  determinations. 

During  the  rough  weather,  white  calcareous  mud  is  stirred  with  the 
sea-water  at  Key  West  and  to  a  lesser  extent  at  Tortugas,  and  it  was 
thought  possible  that  the  mud  granules  might  form  nuclei  for  precipi- 
tation and  explain  the  low  alkaline  reserve  at  Tortugas  and  lower 
alkaline  reserve  at  Key  West.  On  agitating  white  calcareous  mud, 
dredged  from  the  bottom,  with  sea-water,  no  definite  equilibrium  was 
reached,  even  at  the  end  of  4  days.  If  the  alkaline  reserve  was  first 
lowered  by  removal  of  some  CaCOs,  it  remained  lower  than  if  shaken 
with  caicite,  and  if  normal  sea-water  was  used  the  alkaline  reserve 
remained  higher  than  with  caicite.    It  was  thought  possible  that  the 
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gnixm  were  covered  with  an  in4)enetrable  film  of  organic  matter;  so 
some  mud  was  dried  and  powdered  in  a  mortar  to  break  the  pieces 
and  form  fresh  surfaces,  but  similar  results  were  obtained  with  this. 

If  mud  was  mixed  with  an  equal  weight  of  calcite,  the  results  were 
the  same  as  with  pure  calcite.  Tlus  mud  and  calcite  on  standing  in 
sea-water  for  30  days  had  not  all  changed  to  calcite.    All  these  facts 
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Flo.  8.— -The  equilibrium  of  CkCOi  with  Tortugas  Ms-water.  Caloite  is  denoted  by  bla 
rhombs,  aragonite  by  losettea,  oaloareoua  mud  by  black  drdes  (ao  equilibrium),  mud  a 
«aldte  by  Uaok  dumb-bdle,  and  pnlvMlMd  coral  by  whit«  drdea. 
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tend  to  show  that  the  particles  in  the  mud  are  in  some  way  retarded  or 
prevented  from  getting  into  equilibrium  with  the  water. 

In  order  to  be  sure  of  clean  surfaces  of  natural  calcareous  substances, 
a  specimen  of  coral,  Mceandra  cHvosaf  was  ground  and  powdered  in  a 
mortar  and  agitated  with  sea-water  in  the  same  manner  as  in  previous 
experiments.    The  results  were  similar  to  those  with  mud  (fig.  8). 

There  seems  to  be  a  more  soluble  form  of  calcium  carbonate  (the 
/iCaCOg  of  Johnston),  but  since  it  can  not  be  obtained  in  a  pure  state 
no  attempt  was  made  to  prepare  it.  One  experiment,  however,  was 
made  with  a  precipitate  of  CaCOs  that  appeared  as  spherical  grains 
xmder  the  microscope.  It  was  agitated  for  12  hours  with  sea-water  and 
the  alkaline  reserve  was  0.0022  at  pH  7.95.  No  further  experiments 
were  made  to  determine  whether  equilibrium  had  been  approximated. 

These  experiments  clearly  show  that  the  surface  water  of  the  sea  ia 
a  supersaturated  solution  of  CaCOs;  and  it  is  only  necessary  to  intro- 
duce calcite  crystals  in  order  to  cause  considerable  precipitation  of  this 
substance.  Precipitation  goes  on  in  the  bodies  of  organisms  in  the 
surface  waters  of  all  seas.  The  precipitation  observed  by  Vaughan 
at  Tortugas  is  very  finely  divided,  but  whether  it  was  formed  in  the 
bodies  of  minute  organisms,  which  subsequently  died,  has  not  been 
determined.  Such  particles  might  slowly  grow,  since  the  agitation  of 
them  with  sea-water  was  found  to  take  a  trace  of  CaCOj  out  of  the 
water.  Small  crystals  have  been  seen  in  the  bodies  of  Protista  and, 
whether  they  are  CaCOs  or  not,  they  might  form  nuclei  for  the  precipi- 
tation of  CaCOs  if  released  into  the  sea-water. 

Table  25. 


Sea-water. 

pH. 

Totel 
COi. 

Alkaline 
reserve. 

Calculated  loss  of  COt. 

From 
total  CX)i. 

From 
alkaline 
reserve. 

Before  agitation  with  calcite . . 
After  agitation  with  calcite .  . . 
Before  agitation  with  calcite . . 
After  agitation  with  calcite .  . . 

8.2 
7.67 
8.25 
7.72 

44.5 
38.5 
43.8 
37 

0.0025 
.0019 
.00250 
.00185 

6 

•  •   • 

6.8 

•  •  ■ 

6.72 

•  •   •   • 

7.27 

•  •  •   • 

In  some  experiments  in  liter  flasks  of  resistance  glass,  filled  to  the 
neck  (and  hence  admitting  but  slight  loss  of  CO2) ,  the  pH  and  alkaline 
reserve  were  determined  immediately  before  and  after  agitation  with 
calcite.    The  loss  of  CO2  from  the  sea-water  was  estimated  in  two  ways : 

(1)  the  remaining  CO2  was  calculated  from  the  pH  and  alkaline  reserve; 

(2)  the  loss  of  CaCOj  was  calculated  from  change  in  alkaline  reserve. 
In  table  25,  the  agreement  is  very  striking,  in  view  of  the  probable 

error  in  determination  of  pH  and  the  liability  to  loss  of  COj  from  the 
water  surface  in  the  neck  of  the  flask,  agitated  by  the  'X)tary  stirrer. 
If  the  pH  of  sea-water  should  be  maintained  (by  the  action  of  plants) 
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at  8.2  while  it  was  agitated  with  calcite  crystals^  the  loss  of  CaCOs 
would  be  about  0.001  N,  or  0.0005  M,  or  0.1  gram  per  liter.  This 
would  cause  a  deposit  of  10  kg.  per  square  meter  of  bottom  in  water 
100  meters  deep.  This  would  cause  a  lowering  of  the  total  calcium 
content  of  Tortugas  sea-water  by  about  4.5  per  cent. 

The  actual  precipitation  of  CaCOs  was  most  noticeable  in  the  Mar- 
quesas lagoon.  At  4  p.  m.,  July  30,  the  pH  was  8.46  and  there  was  a 
precipitate  of  CaCOs  coming  down  in  the  water  and  incrusting  the 
eel-grass. 

BIBLIOGRAPHY. 

For  an  extensivelbibliography  see  Krogh,  or  McClendon,  1917  (a). 

Bbnxdict,  F.  G.    1915.    Jour.  Biol.  Chan.,  xx,  p.  263. 
Blackman,  F.  F.     1905.    Annals  of  Botany,  xix,  p.  281. 

,  and  A.  M.  Smith.    1910.    Proc.  Roy.  Soc.  (B),  Lxxxm,  p.  389. 

BuRROWB,  M.  T.     1917.    Amer.  Jour.  Physiol.,  xun,  p.  13. 

Cabuson,  a.  J.    1911.    Amer.  Jour.  Physiol.,  xxvn,  p.  323. 

Cabt,  L.  R.     1917.    Carnegie  Inst.  Wash.  Pub.  No.  251,  p.  121. 

DrmiAB,  W.    Voyage  of  H.  M.  8.  Chattengeff  Physios  and  Chemistry,  vol.  1. 

DouD,  R.  B.     1914.    Carnegie  Inst.  Wash.  Pub.  No.  182. 

Dbbw,  G.  H.    1914.    Carnegie  Inst.  Wash.  Pub.  No.  182. 

Dbbtxb,  G.,  W.  Rat,  and  E.  W.  A.  Walkxb.    1912.    Ptoo.  Roy.  Soo.,  lzxzvi,  pp.  39, 56. 

DuAois,  R.    1894.    Compt.  Rend.  Soo.  Biol.  (ser.  10),  i,  p.  821. 

Habbblandt.    1917.    Pli^ological  Plant  Anatomy  (Trans,  by  Drummond). 

Hatai,  S.    1917.    Carnegie  Inst.  Wash.  Pub.  No.  251,  p.  95. 

Hbilbbunn,  L.  V.     1915.    Science,  xui,  p.  615. 

Hbneb,  M.    1910(a).    Bioohem.  Z.,  xxvi,  p.  266. 

.    1910(6).    Abderhalden's  Biochemische  Aibettsmethoden,  m,  p.  164. 

JoHAKSEN,  A.  C.,  and  A.  Kboqh.    1914.    Consul  Permanent  Int.  pour  PExploration  de  la 

Mer,  Pub.  de  Ciroonstance  No.  68,  p.  30. 
Johnston,  J.,  H.  E.  Mebwin,  and  E.  D.  Williamson.    1916.    Amer.  Jour.  Sci.,  xu,  p.  473. 
Kbooh,  a.     1916.    The  Re^iratory  Exchange  in  Animals  and  Man. 
Lamo^t,  J.  N.,  and  M.  J.  Itagaki.    1917.    PhysioL,  u,  p.  202. 
LoEB,  J.,  and  H.  Wastbnsts.    1912.    Biochem.  Z.,  zl,  p.  277. 
LuBK,  G.,  and  J.  A.  Richie.    1912.    Jour.  Biol.  Chem.,  xm,  p.  27. 
Matbb,  a.  G.     1906.    Carnegie  Inst.  Wash.  Pub.  No.  47. 

.    1908.    Carnegie  Inst.  Wash.  Pub.  No.  102,  p.  115. 

.    1914.    Carnegie  Inst.  Wash.  Pub.  No.  183,  p.  55. 

.    1916.    Proc.  Nat.  Acad.  Sci.,  n,  p.  28. 

.    1917.    Carnegie  Inst.  Wash.  Pub.  No.  251,  p.  1. 

McEwEN,  G.  F.     1916.    Univ.  California  Pub.  (Zool.),  xv,  p.  265. 
McClendon,  J.  F.    1917(a).    Phys.  Chem.  Vital  Phenomena. 

.    1917(6).    Jour.  Biol.  Chem.,  xxx,  p.  265. 

f  and  P.  H.  Mitchell.    1912.    Jour.  Biol.  Chem.,  x,  p.  459. 

MuBBAT,  Sir  John,  and  J.  Hjobt.    1912.    The  Depths  of  H^  Ocean,  p.  178. 

Pautzsch,  S.    1911(o).    Biochem.  Zeitsch,  xxxm,  p.  116. 

.     1912(6).     Measurement  of  the  Hydrogen-Ion  Concentration  in  Sea-Water. 

Danish  Ooeanographical  Expeditions,  1908-1910,  vol.  i,  Hydrography,  p.  237 

Copenhagen. 
Rasmusbbn,  a.  T.    1915.    Amer.  Jour.  Physiol.,  xxxix,  p.  20. 

.    1916.    Amer.  Jour.  Physiol.,  xli,  p.  162. 

RoGEBS,  C.  G.,  and  E.  M.  Lewis.    1916.    Biol.  Bull.,  xxxi,  p.  1. 

Tatlob,  H.  F.    1917.    U.  S.  Bureau  of  Fisheries,  Doc.  No.  848. 

Vaughan,  T.  Watland.     1914.    Carnegie  Inst.  Wash.  Pub.  No.  182. 

Vebnon,  H.  M.    1895.    Jour.  Physiol.,  xix,  p.  18. 

VebzXb,  F.     1912.    Jour.  Physiol.,  xlv,  p.  39. 

TON  SoHBOEDEB,  P.    1903.    Z.  physik.  CSiem.,  xlv,  p.  75. 


flSD3t35ESlD5 


I!  ii  r  (n  1 11 1  I 

III  Jlii  ill  il 


b89036529105a 


k^ytjjt; 


^bookmaybe 


lo^S^Q^^l^ 


i}f 


if 


** '-  in 


BIOLOGX 


JY  LIBRARY 


